AD-A162 4 


ARLCB-SP-85009 


PROCEEDINGS OF THE 


FOURTH U S ARMY SYMPOSIUM ON GUN DYNAMICS 


VOLUME I OF | 


HILTON INN OF THE PALM BEACHES 
RIVIERA BEACH, FL 


7-9 MAY 1985 


SPONSORED BY 
US ARMY ARMAMENT RESEARCH AND DEVELOPMENT CENTER 
LARGE CALIBER WEAPON SYSTEMS LABORATORY 
BENET WEAPONS LABORATORY 
WATERVLIET, N. Y. 12189 


APPROVED FOR PUBLIC RELEASE, DISTRIBUTION UNLIMITED 


DISCI AIMER 
The findings in this report are not «с be construed as an official 
Department of the Army position unless so designated by other authorized 
documents. 
The use of trade name(s) and/or manutacture(a) does not constitute 


an official indorsement or approval. 


а ч, 


DISPOSITION 


Destroy this report when it is no longer needed. Do not return it 


to the originator. 








PROCEEDINGS OF THE 


FOURTH US ARMY SYMPOSIUM 
ON GUN DYNAMICS 


HILTON INN OF THE PALM BEACHES 
RIVIERA BEACH, FL 


(ө 7—9 МАҮ 1955 


EDITORS: 
DR. THOMAS E. SIMKINS, 
BENET WEAPONS LABCRATORY, LCWSL AMCCOM 
DR. J. VASILAKIS, 
BENET WEAPONS LABORATORY, LCWSL, AMCCOM 


SPONSORED BY 


US ARMY ARMAMENT RESEARCH AND DEVELOPMENT CENTER 
LARGE CALIBER WEAPON SYSTEMS LABORATORY 
BENET WEAPONS LABORATORY 
WATERVLIET, N. Y. 12189 











— 


SECURITY CLASSIFICATION OF THIS PAGE (Whon Date Entered) 
TE CL M — —A ————Á 
READ INSTRUCTIONS 


REPORT DOCUMENTATIOM PAGE BEFORE SOMPLETING FORM 


T REPO ` NUMBER 2. GOVT ACCESSION МОЈ 3. RECIPIENT'S CATALOG NUMBER __ 
ARLCB-SP-85009 У. 2162) yy 


4. TITLE (3.4 Subti:te) 5. TYPE OF REPORT & PERIOL COVERED 


PROCEEDINGS, FOURTH U.S. ARMY SYMPOSIUM 
ON GUN DYNAMICS VOL.1 of II VOLS. 

















































Final 
6. PERFORMING ORG. REPORT NUMBER. 





8. CONTRACT OR GRANT МОМВЕН(2) 





7. AUTHOR(ez) 


Editors: Dr. Т. E. Simkins 
Dr. J. Vasilakis 





10: PROGRAM ELEMENT, PROJECT, TASK 
AREA & WORK UNIT NUMBERS 













9. PERFORMING ORGANIZATION NAME AND ADDRESS 
US Army Armament Research & Develupment Center 
Benet Weapons Laboratory, SMCAR-LCB-TL 
Watervlíet, NY 12189-5000 

11. CONTROLLING OFFICE NAME AND ADDRESS 

US Army Armament Research & Development Center 
Large Caliber Weapon Systems Laboratory 

Dover, № 07801-5001 


4. MONITORING AGENCY NAME а ADORESS(if dlt(ere.t (rom Controlling Осе) 








М.А. 


12. REPORT DATE 


May 1985 
ТЗ NUMBER OF, pAGES 
























15. SECURITY CLASS. (of thia report) 


Unclassified 


DECL ASSIFICATION/ DOWNGRADING 
SCHEOULE 














16. DISTRIBUTION STATEMENT (of thle Repo.t) 


Approved for public release; Distribution unlimited 


17. DISTRIBUTION STATEMENT (of the abairac: entered in Block 20, It different from Report) 


18. SUPPLEMENTARY NOTES 
Presented at the Fourth U.S. Army Symposium on Gun Dynamics, 7-9 Mav 
at the Hilton Inn of the Palm Beaches, Riviera Beach, Florida. 








19. 





KEY WORDS (Continue on severas elde If neceseasry end identify by block number) 
Acquisition Precision 
Ballistics Stabiiization 
Barrel Vibration Target Acquisition 
Dynamics 

20. ABSTRACT (Continue en reverae side ff песетвасу aud identify by block number) VUL ee و رو‎ NS 
This represents a сошрі1асіоп of thirty-four technical papers concerning 
analyses, design, measurement, and automatiou ог gun dynamics. The authors 
represent a cross-section of the scientific and technical community, 
including universities, industrial, and Government research laboratories. 






DD . 5586. 1473 ентом оғ! ноу 65 15 OBSOLETE UNCLASSIFIED 


SECUFITY CLASSIFICATION OF THIS PAGE (When Data Entered) 








МАДА АА Ae قح ہنی‎ Ача A Ала Алы Ал اف‎ a کہ ا سو‎ зо 




























TABLE ОЕ CONTENTS 


VOLUME 1 


OPENING REMARKS: 
Thomas E. Davidson, Armament Research and Development Center 


GENERAL SESSION I. 


CHAIRMAN: 
Herbert Е. Cohen, Army Materiel Systems Analysis Activity 


1. А RE-EXAMINATION OF THE EQUATIONS OF MOTION OF A CURVED AND 
TWISTED CUN TUBE e • 4% - э 4 v • o ө + 9 е ù ù ù ө ғ эө o е э 1-1 


Herbert В. Kingsbury, University of Delaware and 
Ballistic Research Laboratory 


2. NORMAL MODE ANALYSIS Or GUN TUBE UYNAHICS ........,.. I-22 


H. J. Sneck and R. Gast, Armament Research and 
Development Center 


ee ж-а! а Ас Ја 1-51 


3. PHUJECTILE FOUNDATION MOMENT 


Edward М. Patton, Battelle, Pacific Northwest 
Laboretory 


4 e A NONLINEAR TRACK ING FILTER e . * . . * . . . е • Ы . . • . . I-68 


Dominick Andrisani ІТ, urdue University; Frank 
Kuhl, Armament Research and Development Center; and 
Daniel Gleason, Wright-Patterson Air Force Base 


5. STRUCTURED MANAGEMENT OF DATA ACQUISITION AND REDUCTION AT THE 
TEST SITE ( SMARTS) + a . «4% а © ө >è э ù @ ^" è » ө. ео о ù o 1-85 


Jeffrey M. Fornoff, Armauent Research апі 
Development Center 


6. FINITE~ELEMENT ANALYSIS OF AN ANNULAR, REGENERATIVE PISTON. . 1-106 


"Accesion For 


NTIS СВАКИ 
DTIC ТАВ 

Unanuou..ced {1 
Justification 


Cris Watson, Ballistic Research Laboratory 















ВУ رو سرت اس سوہ سے کے‎ бы 
Dist. ibution / 
жым» می‎ о. е е جه‎ 


Амаћ Ну Codes 















0411 
۷9 ey 


| Аман a djor 
Special 





Valet ور مو بد تک دہ در‎ о Pe УИ. کے کو کو‎ See Шри: 


“Ө اد‎ a.u ra ТЫҒА ut ہے‎ 


GENERAL SESSION IL. 


CHAIRMAN: 
Gary Anderson, Army Research Of fice 


1. PHOTOELASTICITY APPLIED TO GUN COMPONENTS . . «© . © © 4. eœ 11-1 


Robert J. Radkiewicz and Robert A. Peterson, 
Armament Research and Development Center 


2. IN-BORE PROJECTILE MOTION IN A 37-MM WEAPON SYSTEM . . . . «+ • 11-12 


Susan А. Coates and James М. Walbert, Ballistic 
Research Laboratory 


3. THE RELATIONSHIP OF GUN DYNAMICS TO ACCURACY IN А 120-ММ TANK 11-33 


GUN « 4 e © یی عو‎ оо مھ وج8٤ دبع‎ у ә э э оф 
James N. Walbert, Ballistic Research Laboratory 
4. А STUDY OF PROJECTILE ACCURACY « . . © © © «© © ооо 11-34 
Bailey T. Haug, Ballistic Research Laboratory 


5.  TORSIONA, IMPULSE STUDY FOR ARTILLERY FIRED 155 MM 
PROJECTILES . . * ۰ • . . . . . • a . . . ۰ * . . . ۰ . . . ۰ 11-51 


Neil А. Lapetina, Sandia National Laboratories; 
John М. Miller, darry Diamond Laboratories; and Kok 
Chung, Armament Research and Development Center 
6. IN-BORE PROJECTILE MOTIONS . . . . . © . « sns osoo on . «6 11-70 
Martin T. Soifer and Robert 5. Becker, S&D Dynamics 


7. AUTOMATED DYNAMIC ANALYSIS OF WEAPON SYSTEMS . . . . . e. 11-89 


Philip Benzkofer, Armament Research and Development 
Center 








سے وا د د سے کے Tae AC ae ЈУ Me Ta = ы "та “ты Tura „юй ощ S ucc. =ш = „е‏ کے ےہ کے کہ 
























Page 


GENERAL SESSION ITI. 


Chairman: 
Bruce P. Burns, Ballittic Research Laboratory 


1. EFFECTS OP RECOILING MASS  *DUCTION OF ACTIVE RECOIL 
CONTROL . е . . . • . • a é6 ® . . © o . LJ . . е е . 4 . € • • 1 1 1-1 


Philip Е. Townsend, Armament Research end 
Development Ceater and Robert F. Gartner, 
Honeywell, Inc. 


2. DYNAMIC MODELING OF THE ADVANCED GUN MOUNT FOR THE HOWITZER 
IMPROVEMENT PROGRAM e о е • $9 9 © ù е © ө 9? 4 @ $9 © © © ө © ө 111-12 


William Т. Zepp, Armament Research and Development 
Center 


3. MEASUREMENTS OF MUZZLE BLAST SHAPING AND LOADING EXERTED UPON 
SURROUNDING STRUCTURES OF AIRCRAFT GUNS ........... 111-23 


Gert Pauly, Erprobungsstelle der Bundeswehr 


4. WEAPON KEGOLL FORCES AND VEHICLE ii 
Martin D. Thomas, Royal Armament Research and 
Development Establishment 


VOLUME II 


Ба. TECHNOLOGY REVIEW ON PROJECTILE GUN DISENGAGEMENT . . . . « « 111-50 


Rurik К. Loder, Ballistic Research Laboratory and 
Roger K. Fancett, Reyal Armament Research and 
Development Establishmenc 


5b. DESCRIPTION OF THE JOINT BRL-RARDE 40-MM FIRING 7 
TO DEFINE PROJECTILE LAUNCH ж а. $9 4 9 9 09 ù è 9 *9* à o o و‎ III-51 


Jimmy Q. Schmidt, Ballistic Research Laboratory and 


Thomas O. Andrews, Royal Armament Research and 
Development Establishment 


iii 





n‏ ےک کہ کی ہی کے S‏ کے ای ESAE a e t‏ رد نے 


Page 


RESULTS OF THE ۔‎ г BRL-RARDE 40 MM FIRING EXPERIMENT ТО C: 
DEFINE PROJECT TLE 1 1ھ‎ € « € a ө е © © * е Э ù е 9 o o «= 111-76 


Rurik К. Loder and Emma M. Wineholt, Ballistic 
Research Laboratory and Roger К. Fancett, Royal 
Armament Researct. and Development Establishment 


DATA ANALYSIS PROCEDURE FOR THE SCHMIDT DISPLACEMENT TRANSDUCER 
TO EXTRACT PROJECTILE LAUNCH AND MUZZLE MOTION . • + e • + • • » 111-77 


Rurik К. Loder and Emma М. Wineholt, Ballistic 
Research Laboratory 


ASSESSMENT OF THE SCHMIOT DISPLACEMENT TRANSDUCER AND A 
MEANS FOR THE DETERMINATION UF PROJECTILE LAUNCH AND MUZZLE 
MOTION . . e . е е . % % . е . ۰ « • • • . . е е • ٠ ۰ . . “ % III-78 


Rurik K. Loder, Ballistic Research Laboratory and 
Roger К.  Fancett, Royal Armament Research and 
Development Establishment 


GENERAL SESSION IV. 


Chairman: 
Julian J. Wu, Research, Development à Staudardization Group А ~ 


THE PREDICTED EFFECT IN GUN JUMP DUE TO CHANGES IN GUN CRADLE 
BEARINGS AND GUN BARREL STIFFNESS ................ у-92% 


Р. Н. Penny, Royal Armament Research and 
Development Establishment and W. P. King, Royal 
Military College of Science 


CORROBORATIVE MEASUREMENTS OF THE TRANSVERSE MOTION OF A GUN 
TUBE DURING FIRING • е в © е 9 $9 © е е ө э + è ә © 4 ùo ^ е е IV-1 


T. E. Simkins, G. A. Pflegl, and R. D. Seanlon, 
Armament Research and Development Ceuter 


THE DEVELOPMENT OF AN ALGORITHM FOR SHOT/BARREL INTERACTION 
CALCULATIONS n . . . е * • • e . . . . . * е . e • e . е . • . 1-7 


Peter С. Thomasson, Cranfield Institute of 
Technology 


ме ПЕРЕ ЖИ. DEC UE, 


5c. 


5d. 


5e. 


*This paper arrived too late to be included with the papers in this session. 
It is the last paper in Volume II. 


iv 








ns Page 
4. RECENT ADVANCES IN THE SHOCK-AID GUN MODELLING CAPABILITY .. IV-46 
K. Varce and M. Seynour, Hunting Engineering Limited 


5. ‘THE EFFECT OF BEARING CLEARANCE AND BARREL EXPANSION ON 
BARREL RESPONSE e • эз 9 à ù * è е e е е 9 • ù с + © ù э ө o o IV-54 


David N. Bulman, Royal Military College of Science, 


5. A SIMPLE THEORETICAL MODEL OF SHOT/BARREL INTERACTION WITHIN 
A SMOOTH BORE GUN . . ھ جم‎ e ое оо IV-77 


S. E. Powell, Royal Military College of Science 
7. ANALYSIS OF SOURCES OF ERROR IN TANK GUN FIRING a. . .. Iv-94 
Edward M. Schmidt and Joseph W. Kochenderfer, 
Ballistic Research Laboratory 
CENERAL SESSION V. 


Chairman: 
Philip Benzkofer, Armament Research & Development Center 


ie 1. А THREE-DIMENSIONAL COLOR COMPUTER GRAPHICS PROGRAM FOR 
DISPLAY OF PROJECTILE GUN ПҮКАМІСВ.............. ۷1 


Kathleen L. Zimmerman, Ballistic Research Laboratory 

2. AN INSIGHT INTO GUN TUBE VIBRATIONS оаа V-12 
S. H. Chu, Armament Research and Development Center 

3. LIGHT ARTILLERY RECOIL MECHANISMS / .......,....... у-39 


Stephen G. Floroff and Norman Т. Lionetti, Armament 
Research and Development Center 


4. EFFECT OF TH. FLICK RAMMING ENVIRONMENT ON SELECTED ARTILLERY 
FUZES . 9 > 9*9 • $9 ө э э è ө ù ò ò ù э э 9 o ao * ~ © 9. يچ‎ у 6 V- 7 


Robert X. Brennan, Armament Research and Development 
Center 


nf) 








V-79 


4 è 9 е è е > è 4 o 


A SYSTEMS ANALYSIS OF LIQUID PROPELLANT IN A 155 MM SP 


5. 


ARTILLERY SYSTEM . 


Jack Brooks, Armament Research and Development 


Center 


6. AN INTEGRATED WEAPON ARMORED VEHICLE MODEL (IWAVM) AND 
* е о è е 4 © ^ э ^ c © + © © © 9 ө V-80 


COMPUTER SIMULATION 


John Groff, Army Materiel Systems Analysis 
Rallistics Research 


Activity; James N. Walbert 
Laboratory; and Thomas Dolce, Army Materiel Systems 


Analysis Activity 


vi 


у 





МУ е DE Set UU Me ~ NY NC‏ کر 





a‏ ہے کے کے کے کے کے جہنم 
OCCASU OV ET‏ 


4 Laut 
دجہت‎ ... 
24.2. СУЧ 





















MM ای ےت‎ us 
ЗА 


~ MU 4 





FOREWORD 


The precision of a gun system clearly involves the 
dynamics of the gun carrier, ground characteristics, and 
interior and exterior bailístics. It is a problem of 
enormous complexity and is often divided into different 
phases for investigative purposes. While the division of 
the task 1s convenient and often necessary, one should 
always keep in mind that “he different phases interact and 
the dynamic forces are usually coupled. This fact 
necessitates an interactive process or, better yet, a 
complete system approach, if at all possible, to the 
precision problem. 

During recent years, one has witnessed great strides 
in various branches of continuum mechanics, kinematic 
designs, and numerical and computer techniqucc for solving 
problems of great complexity as well as in the areas of 
experimental mechanics and instrumentation. It appears 
feasible now more than ever to gain understanding and to 
improve the design of gun systems for greater accuracy by 
exploiting the new technological advances. The present 
Symposium represents the continuing interest of the U.S. 


Army in this direction. 
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These proceedings contain nearly thirty-five papers 
presented at the Symposium held at the Hijton Inn of the 
Palm Beaches, Riviera Beach, FL, during 7-9 May 1985. The 
papers represent the current research efforts on gua 
dynamics and its effect on precision aud design by 
industríal, university, and Department of Defense 
Laboratories in the United States and two allied nations - 
the United Kingdom and the Federal Republic of West 


Germany. 


The editors gratefully acknowledge the work of Ellen Fogarty 
in preparing volumes 1 and II of Gun Dynamics, and her 
assistance in the collection of the papers and the required 


clearances. 
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TITLE: A Re-examination of the Equations cf Motion of a Qurved 
and Twisted Gun Tube 
Herbert В. Kingsbury 
Department of Mechanical and Aerospace Engineering 
University of Delaware, Newark DE 19711 and 
Visiting Research Consultant 
Interior Ballistics Division 
Ballistic Research Laboratory 
Aberdeen Proving Ground, М) 21005-5006 


ABSTRACT: 


The work described in this paper was motivated by a requirement for a 
general analytical model of a gun tube to be used to study dynamic effects and 
interactions caused by such phenomena as large displacements and rotations, 
initial space curvature of the gun tube axis, variable cross section shape and 
area, initial twist of cross section principal axes, and transverse shear 
deformation and rotating inertia. 


In this paper a derivation of the equilibrium equations for a rod with 
general space curvature 1s first presented. This derivation is similar to 
that presented by A.E.H. Love, although more rigorous in its examination of 
the relative importance of higher order terms in Taylor's series expansions. 


A completely general set of small sirain but large displacement and 
rotation strainu-displacement equations is then formulated for a curved and 
twisted rod. In these equations the displacement components are referred to 
the local tangent, principal normal and bi-normal space coordinates rather 
than to fixed global coordinates. No assumptions regarding the structural 
action or mode of deformation of the rod are made so that the functional form 
of the the displacement components is ieft unspecified. 


Next, a technical theory of reds with space curvature is developed based 
on the assumptions that cross sections remain plane and undeformed, The 
displacements are expressed as appropriate Linear combinations of three 
central curve displacenent components and three rotation components. The 
equations are then further simplified by elimination of transverse shear and 
rotatory inertia effects. When these equations are combined the equilibrium 
equations, a system of four coupled equilibrium equations in the four 
displacement and rotation variables result. 
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PRESENT ASSIGNMENT: Professor, Department of Mechanical and Аегограсе 
Engineering, University of Delaware, Wewark, DE. 
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A RE-EXAMINATION OF THE EQUATIONS OF MOTION OF A CURVED AND TWISTED GUN TURE 


HERBERT B. KINGSBURY 
U.S. ARMY BALLISTIC RESEARCI LABORATORY 
ABERDEEN PROVING GROUND, № 21005-5006 


1. Introduction 


The work described іп this report was motivated by the need to explain 
observed inconsistancies between measured dynamic response data and response 
predictions of varicus analytical and finite element models of gun tubes. 


Although the study of vibrations of rods and bars is one of the most 
ancient in structural mechanics, a completely general formulation of the 
problem is difficult to find in the literature. 


One of the seminal treatments of the derivation of equations of wotion of 
rods with initial curvature appears in the text on Elasticity by A.E.H. Love 
[1]. Although restrictive forms of Love's equations are used directly, ог 
are re-derived, by subsequent investigators of small amplitude vibrations of 
curved rods, there are deficiencies in Love's work which render his strain- 
displacement equations unsuitable as the starting point for a general 
examination of the motion of rods with space curvature. In Love's work, the 
final state of deformation is assumed to be such that cross sections remain 
piane and normal to the centerline of the deformed rod. By these assunptions 
not only is transverse shear deformation excluded but, as will be shown, 
kinematical inconsistencies are introduced. 


Equaticns governing both static and dynamic deformation of curved rods 
аге empioyed in such areas of structural mechanics as vibrations of curved 
beams, large deflection and stability analysis of beams and columns and non- 
linear dynamics, including stability of oscillations of beams and strings. 


In spite of the large number of papers dealing with these subjects, there 
does not appear to have been a re~examination of Love's strain-displacement 
equations or a more general independent derivation. The equations of motion 
employed by the various investigators are either those presented by Love or 
are derived for each particular application on an “ad-hoc” basis. 


In this paper a derivation of the equilibrium equations for a rod with 
general space curvature is presented in Section II. This derivation is 
similar to that presented by Love, although it is somewhat more rigorous in 
its examination of the relative importance of higher order terms in Taylor's 
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series expansions. 


A cempletely general set of small strain but large displacement and 
rotation strain-displacement equations is then formulated in Section III for a 
rod with initial twist and arbitrary space curvature. In these equations the 
displacement components are referred to the local tangent, principal normal 
and bi-normal space curve coordinates rather than to fixed global 
coordinates, No assumptions regarding the structural cction or mode of 
deformation of the rod are made so that the functional form of the 
displacement components is left unspecified. 


In Section IV a linearized form of the general strain-displacement 
equations is first presented, A technical theory of rods with space curvature 
is then developed based in the usual beam theory assumptions that cross 
sections remain plane and undeformed. The displacements are then expressed as 
appropriate linear combinations >f three central curve displacement components 
and three rotation components. The linearized strain displacement equations 
phrased in terms of the central curve displacements and cross section 
rotations are then used to derive force-moment-strain-curvature equations for 
a linear elastic rod. The equations are then further simplified by 
elimination of transverse shear and rotatory inertia effects. When these 
equations are combined the equilibrium equations, a system of four coupled 
equilibrium equations in the four displacement and rotation variables results. 


2. Equilibrium Equations For A Rod Element 
A. Force and Moment Equilibrium 
A typical elem:nt of a rod with space curvature is shown in Figure 1. 


The line joining centroids of cross sections is a space curve whose 
radius (p), or curvature к=1/р, and torsion (A)are arbitrary functions of arc 
length (s). The shape of the cross sections is arbitrary but assumed to be a 
continucus function of s. At the centroid of any ( “oss section an orthogonal 
coordinate system (x,y,z) is constructed with corresponding unit vectors i, j, 
k, such that k is the unit tangent vector to the space curve determined by the 
line of centroids while i and j аге the principal normal and bi--normal vectors 
respectively so that jxk = i. 


The principal directions of the cross section area of the rod with 
respect to the centroid are, in general, inclined with respect to the x, y 
coordinates, The angle between these two sets of cordinate axes may vary 
continuously with s for the case of a pre-twisted rod. 


Figure 2 shows a section of curved rod of incremental le. gth ôs lying 
between points C and 0' cf the space curve of centroids. By the usual 
definition, the face at 0 is a negative face since {Ев outward normal points 
in the direction opposite to the local tangent vector while the face at 0! is 
a positive face. The usual sígn convention for stress components ín positive 
and negative faces will be employed and the force and moment resultants of the 
Stress components (o, S yz? бы acting on а cross section of area A are 
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defined as 
Vy = Ј, 5 1,25 5 1 =х, у, 2 (1а) 
Moo" ЈАУ ۸ہ‎ > (га) 
н, = = m x c, „А , and (2b) 
м, = ftx Sy 4244. (2c) 


The force and moment resultants acting at cross sections at points "s" and 
$ + ôs are shown in Figure 3. 


The force and mcment resultants per unit length of centroidol curve of 
the tractions acting on the lateral surface and of the body forces acting in 


the interior of the element are represented by: 


түк Tk т To Tk (3a) 


a = mi + m Уј + m, к. (3b) 


For problema involving motion of the rod element, the force T will 
contain terms involving inertia forces while the moment m may contain moments 
of inertia forces about the three axes. 


A free-body diagram of a rod element is shown in Figure 4 when points 0 
and 0" are again points in the curve of centroids at positions "s" and "s 
+ 62" respectively. The force and voment resultants acting on the rod cross 
sections of these positions are indicated as well as the surface traction 
vector and surface traction moment resultant at a typical point 


8 + С where s < е + С < + 6 s. 


-— р t 
Б is the position vector of the point x + $ relative to 0 while R is 
the position vector of 0 relative to 0. 


The condition of force equilibrium applied to the rod element yields the 
following equation 
8+68 
vis) + V(s + 63) + Тв = 0. (4) 
8 


Upon expressing Т(5+ г ) in terms of T(s) and its derivatives at сто using 
Taylor's series, 


eros эт 


Tds = T(s)s + SF | (88)?/2 +... (5) 
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vM Returning to Eq. (4), we next express V(s + 6s) in terms of its value 
and those of its derivatives at ôs = 0 using vector Taylor's series. 
у 


Vis + $s) = We) + 55 | bs +... (6) 
8 


The symbol "s*" is used in Eq. (6) as a reminder that this force acts on a 
positive face of the element. 


The rate of change of the unit tangent, principal normal and binormal 
vectors with respect to arc length are given by the Serret - Frenet formulae 


as 
dk/ds = l/pX = кі, (7a) 
41 = - М and (7b) 
ds , 
di/ds = Ај - kk (7с) 


where «(= 1/р) is the local curvature of the line of centroids. 


"m Combining Eqs. (7) and (6) and substituting this result and Eq. (5) into 
C Eq. (4) yields three scalar equations which express the condition of forve 
equilíbrium for a rod element 


9 У / 98 - NS + KV + T. = 0, (8a) 

9 V /3s + № + T = 0, and (8b) 
7 x y 

۵ У „/9в - ку + Т, = 0, (8с) 


Next, the conditions for moment equilibrium are formulated from 


considecation of the free-body diagram of Figure 4. Summing moments about 
point O yields 


Ms) + Ms + 6s) + R'xV(s + 68) 


stds 8+68 
+ | Ұхт(в2ә4 + f mds = 0 (9) 


8 5 


Again the terms appearing in Eq. (9) mus: be expressed in terms of their 
values and those of their derivatives at "s", 


“=. In Figure 4, Ко, к апа Р аге position vectors of puints, at positions 
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"в", "s + бв" and "s + ¢" relative to a fixed point Q. If R'(s) is the 
position vector of any point in the space curve relative to O we may write 


бы ' = 
Е R и. 


2 5 
- dR/ds | „ба + i oR | „(68)“ + see 
ds 


= Ed $9 x24 бот, | (10а) 


since by definition К = dR/ds and by Eq. (7a) dk/ds = к 1. 


In a similar way it is found that 


2 


Е = Po-OR = ко + к/21$ (10b) 
Consequently, 

8+68 

| Жкта = ks) хт lj (65)? O0 
and i у EX 


Е' x V (з + 6s) = kxV (s^) 6s + [к ix v(s*) +k х 21 |+! (5s)? 


(12) 


Finally, substitution of the result given by Eqs. (11) and (12) into Eq. 
(9) and division by 6s yields the following vector moment equilibrium 
equaticus in the limit as 68+0. 


эн 


38 | + t kx vs") + ws) = 0 (13) 
8 


To obtain the scalar equations represented by Eq. (13), Mst) is expressed in 
terms of its vector components and the Serret~Frenet formulae are used to 
transform the derivatives of the unit vectors. 


The three scalar equations representing the conditions of moment 
equilibrium for the rod element become 


9M 
x . 
car Т AM, + км T Yi ton = 0, (14a) 
9M 
ہے‎ + AM а жа. m, = 0 , and (14b) e) 
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ФМ, 

aa و‎ км, + m, = 0. (14c) 

Although the manner of derivation of the equations of force and moment 
equilibrium for a curved rod used above is different from that presented by 
Love [1] the resulting equations are essentially identical. Differences in 
form result from differences in force and moment siga conventions and because 
Love employs local coordinate axes which are the principal directions of the 


area of the locai cross section of the rod rather than the natural space curve 
coordinates. 


In general, the local x, y, z, coordinates are the deformed coordinates 
of the centroidal curve of the rod. The torsion and curvature terms appearing 
in Eqs. (12) and (21) are the total values of these quantities consisting of 
the sums of their initial values and their respective changes due to 
deformation of the centroidal curve. For small deformation analysis the 
initial coordinates and initial values of А and к are employed. 


The reader is referred to a paper by E. Reissner [2] for corresponding 
large displacement curved beam equilibrium equations in which the force and 


moment components are referred to the undeformed coordinates, 


В. Inertia Forces and Oouples 


The inertia hody force, E. acting at any point, Q, in a cross section is 
defined by 
ee 
5 1 
Fi = ٦ % ( 5) 


where у is the mass density of the material of that point, u, is the 
displacement vector associated with that point and superscript "dot" indicates 
differentiation with respect to time. 


The displacement vector Ug is expressed in terms of the local space curve 
coordinates as 


u-uitvj-twvwk 


9 


where џ, У, and w are the scalar displacement components in the x, у and 2 
directions respectively. 


Since the local coordinate system is moving in the fixed (inertial) 
reference frame, the acceleration vector may be expressed in the form: 


(16) 


м = а tax ugt wx (anu) +2 پر سض‎ У 


Q Q Q 


v -uitvjt*wk, 


а, sui+t+tvjtwk, 





(s. 





kingsbury 


and м and a are the angular velocity and angular acceleration vectors 
respectively of the local coordinates in the fixed reference frame. For 
problems involv‘ng small rotations and/or small displacements of the rod crons 
the non-linear terms in Eq. (23) шау often be neglected in comparison with aq: 


The inertia forces and couples per unit length of rod arising from the | 
three body force components for smail motions are given by: 7 


та ^7 A ач, dA j =x, у, z (17) 
ہھ‎ = 7 [ ууч дА, (18а) 
А 
= 7 dA (18b) 
My ] Е 
m = | yyu dA - | yxv dA. (18с) 
12 А А 


3. Strain-Displacement Equations 


Equations relating the components of strain at a point in the rod to the 


aislecoment #1214 ara derived bv sonsidering the change in leneth of а line 
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segment connecting to arbitrarily close points of the rod as the rod is (а 
deformed. 


Figure 5 shows two adjacent cross-sections of the rod before 
deformation. The centroidal curve has initial curvature Ko and torsion А . 


The centroid of one cross-section is point ٥ and the other, at a small 
distance 5s along the curve, is 0'. The vector principal normal, binormal and 
tangent at 0 are i, j and К respectively while the corresponding vectors 
at 0' are denoted by 1, j and k. Coordinates x, у, 2 directed along 1, j and iut 
k respectively comprise a local coordinate system with origin at O. Шы 


Corresponding coordinates at O'are x, y апа z. 

Point Q lies in the cross-section at O while Q' lies in that at O'. It 
is assumed that Q and Q' are initially arbitrarily close so that the position 
vector of 0', ғ can be expressed ав 

г = óx 1 + Gyj*ó6zk 


к = rm = rli + та) + rnk (1) 


where Sx, Sy, and $2 are arbitrarily small distances, г is the magnitude of г 
and £ , m, n are the direction cosines of г. 


Figure 6 illustrates the initial and final positions of these material 
points as Q and Q' undergo displacements u and u The magnitude of the تع‎ 
position vector of Q' with respect to Q, × is сона ~ by use of the following v€ 
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vector equation relating the initial and final relative position vectors of 
these points to theír respective displacement vectors. 


r= г + "ел oue (4) 


The displacement vector at point Q', adjacent to point Q, can then be 
expressed 8 


du ди ди 
= _9 — Lx 
Yor чо + سے‎ бх + 3y бу + 3z óz (5) 


where higher order terms in this Taylor's series expansion of the displacement 
vector about point Q have been dropped. Тһе vector derivatives appearing іп 
Eq. (6) are next presented in terms of their vector com, nents, 


a = E 1 + ay 1 + ES к, (ба; 
3% „дч жог 3v j + aw k (6b) 
ду у ay dy , 

da = (98 - лу+кы) 1+ (= + Хи)ј + (94 - uk ) k (6c) 
92 92 о о 92 о 92 о 7 


where the Serret-Frenet formulae have been used to express the rate of change 
of the local coordinate unit vectors along the curve in terms of the local 
curvature and torsion. 


Substitution of Eqs. (5) and (6) into (4) and using Eq. (1) ytelds the 
following result for the position vector of Q' relative to Q: 


= ди да да 
те гип و‎ + ay موہ‎ Му + 9) 1 
ду ду ду 
+ ۶ ax t ш(1 + эу) + n(A t + 22)1 3 
ow ow дм 
+ rik 3x + m T + n(1 - кош + 3:1 k. (7) 


If the magnitudes of r and г are denoted by r an? т respectively , then the 
unit elongation, e, of the original line segment is given by (г<<1) or 


25 
е = М, (=> -1). (8) 


Upon squaring the magnitudes of the vector к given by Eq. (7), 
substituting the result into Eq. (8), and grouping the resulting terms as 
coefficients of the products of the direction cosines £ , m and n, the 
elongation, e, may be expressed in the following form, 


2 
еше 2 +e m +є n* + 2€ £m + 2€ Qn + 2c mn (9) 
хх уу 27 ху XZ yz 


e: 
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where 
exc m + Њ UU + ربق‎ + GI. (10a) 
e, 765 IIG + QD + бт, (105) 
euo - t % ПФ + GE + GS 
* у, (СМ + A 2) t b ٤ v + = was 15% vw 
-2 лу i + 2» T - 2‰ У ES + 2 Ko wt А (10c) 
OE aa چیہ‎ aa E (10е) 
Әх 92 о êx о 9х » Ox o 3x’ 
(102) 
wa SE шы ЭУ e сд у РЖ сыз 
.By definition, the quantities c , and Е are the normal 


and shear strains at 9 referred о d 108 81 НЕ сев at $2 Eqs. (10) 
therefore constitute the required strain-displacement equations. 


Clearly, various approximate forms of Eq. (10) may be formulated 
depending upon the simplifying assumptions appropriate for a given problem. 
These formulations may postulate small deformations w. h large displacements; 
small deformation with small displacements but large curvatures and/or 
torsions; small curvatures and torsions; or various other combinations of 
simplifying assumptions. It is also noted that consideration of buckling or 


of stretch-stiffening effects requires retention of non-linear terns in Eq. 
(10). 


4. А Technical Theroy Of Rods With Initial Qurvature And Torsion 
A. Displacement Fuactions ey 


A linearized “engineering” theory of curved roda is next developed on the 
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ec basis of assumptions employed in the strength of materials formulations for 
the bending and torsion of prismatic bars. 


The fundamental assumption of both tecnnical beam theory and that of 
torsion of straight rods is cross scctiona unchanged in size and shape after 
the structure is bent or twisted. It is not necessary to h.itially postulate 
that cross sections remain normal tc the bent centerline. 


А typicel rross section is therefore assumed to undergo a small rotation 
about each of the tree coordinate axes while its centroid is displaced along 
each of these axes, These assumptions imply the folluwing form for the 
displacement functions, 


w(x.y,2) = w (ш) - x a (2) t+ yas) . (1a) 
v(x,v,2) = va) + x $(2) , and ()b) 
u(x,y,2) = 8202) = у ф(2) . (1с) 


in Eq. (1), uj, v, and wy are the displacement components at a point on the 
centroidal curve (the origin of the local x,» coordinates) while 

а, а and ф are small angles of rotation about the x, y and > axes in that 
order , as shown in Figure 7. 


hs lt is noted that theory of torsion of bars with non-c!vrcular cross 
lp sections requires the addition to Eq. (1) of a term representing warping of 


the cross section. Introduction of such a term would greatly camplicate the 
ensuing development with very little effect oa the state of stress other than 
near a fixed boundary. For this reason, the displacement functions of Eq. (1) 
will be employed irrespective of the shape of the cross section of the bar. 


B. Strain-Displacement Equations 


Substitution of Eq. (1) into the linearized form of Eqs. (10) yields the 
following expreseions for the components of sirain, 


Кух = ET = Е у к () А (2а) 
aw до да 
lug за 96 Yg ч ко = Уз (2b) 
Әз 
2e = 9-а -À v 4ки + у(к а - 2% -xà o+ Ka), 
Me 92 у оо оо ох 927 о оу (2с) 
ov 
ЖЕСІР 3% _ 
2 Е 55 + do ua + а, +x 32 у m : (24) 


The coudition that cross sections remain normal to the centroidal curve 
can be invcked locally at х=0, ysO or, alternatively, !n an average sense by 
IU integiating Eqs. (2c) and (2d) over the cross section. Іп either case, the 
following equations expressing the vanishing of transverse shear deformation 


1-11 








(3a) 


(3b) 


kingsbury 


(in the above meaning) result: 





qu, 
a = - Ах +KW 
y 92 оо оо 
ду, 
© = e q= À u . 
dz оо 


С. Inertia Forces and Moments 


The inertia force resultants and couples per unit length are obtained by 
introducing the assumed displacement functions into Eqs. (11-17) and (11-18) 


and carrying out the indicated integrations. 


The resulting expressions, assuming no variation of mess density within a 


(4) 
(5a) 
(5b) 


(5c) 


cross section, are presented below. 


Тү, = - نا‎ А (u, * u, у, м) 
ry ^ Тех TY Ly Sy 

mo ж Т а = I а 

Iy " ' "xy 9% OY ہی‎ бу 


Brot up. ДА 


where the moments and products of inertia appearing in Eqs. (5) may be 


functions of the z coordinate for rode with initial twist. 


L. Moment-Curvature and Force-Displacement Equations 


The stress-strain relations are predicated on the assumptions that the 
tod is constructed from a isotropic linear material which is elastically 
homogeneous in each cross section and that the normal stress components in the 
directions transverse to the centroidal curve are small in comparison with the 


(7) 


normal stress component 0%? 


The applicable stress-strain equations then become 


с ~ Et . O = 2СЕ 
22 22 х2 XZ 


The required equations are next obtained by combining Eqs. (2) and (3) with 
the definitions of the various force and moment resultaats given by Eq. (II- 


8a) 


(8b) 


да, 
Е Ту (t код) Ў 


1). This yields 


М, رھ‎ ly 


М = 


да 
لا‎ ы 
92 
да 

= ЕТ ¥ 
7 yy 92 


ЕТ 
ху 
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پل کت‎ “С, 5% -G Laxo d, + GL кро, (8c) 
du, 
Ух = КАС Ge нов = Xo Vg + ком) ; (84) 
گے تس و‎ + а ) (8е) 
у у 92 о о X5 | 
дм 
WS EAT ек را( وا‎ (8Е) 


The coefficients k, and ky appearing in Eqs. (8d) and (8e) are Timoshenko 
shear coefficients [3] 


The complete system of equations constituting the linear, technical, 
theory of rods with space curvature is comprised by Eqs. (11-8) and 11-14) 
along with Eqs. (4), (5) and (8) of this section. 


Е, Displacement Equations Of Equilibrium Neglecting Transverse Sheer 
Deformation And Rotatory Inertia 


In this formulation transverse shear strains are neglected in the sense 

defined by Eq. (3). Since rotatory inertia generally has less effect upon 

| predictions of frequency and motion than has..transverse shear deformation, it 

is consistant to set terms involving а апа а equal to zero aithougi‏ جا 

rotational inertia effects about the z axis ate retained. Equations (84) and 
(8c) for V, and V, respectively become inconsistant because, 
although € апа are set equal to zero on the average, equilibrium 
considerations require non-zero transverse shear forces. These forces are 
eliminated from the equilibrium equations by solving for У, and V, and 
substitutiag these results into the remaining four equations. 


The functions a and о аге eliminated from Eq. (8) by use of Eq. (3). 
The resulting expressions for the moments and V, in terms of th. four 
displacement and rotation functions are then substituted into the equilibrium 
equations. The resulting equations can be presented in the following form: 


u u 3 
b Au oj + i Bu vest | 


=o ј=о ہ١‎ “з “0,3 
2 
+ ) Dij tj =H z = 1,2,3,4 (9) 
ј=о 
where 
ч ш 43 رن /وں‎ etc/ 


о,3 


Тһе fifty-eight coefficients non-zero appearing іп Eq. (9) are presented 
in Appendix A. There it is seen that these coefficients depend upon the 
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gecmetric properties of the space curve described by the centroids of the 
cross sections, the geometry of the cross section and its relationship to the 
local vector principal normal and binormal, the elastic moduli of the 
material, and the variationa of these quantities along the rod. 


It is noted that in the general case described by Eq. (9), all motions 
ate fully coupled aince all ув: ізЬ1ев appear in each equation. This means, 
icr instance, that any exciting force will cause motion involving all four 
displacement and rotetion variables. Also, solution of the free vibration 
problem will yield mode shapes which will each have four с” responding natural 
frequencies, 
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APPENDIX A 
ODEFFICIENTS APPEARING IN EQUATIONS (1-9) 
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Figure 1. Space Curve Coordinates 
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Figure 2. Stress Sign Convention 





Figure 3. Force and Moment Resultants on Rod Element 
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Figure 4. Free Body Diagram of Rod Element 
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Figure 5. Adjacent Cross Section Before Deformation 
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Figure 6. Displacements of Points of Adjacent Cross Section 
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Я = weight of tube 
м = W/& = weight of tube per unit length 
Wp = projectile weight 
м WR = projectile weight per unit length 
р р "P 
х = axial coordinate 
Xp = projectile coordinate, axial 
Xp = projectile velocity 
y = lateral coordinate, tube displacement 
ya(x,t) = dynamic tube displacement 
Y(x) м static tube displacement 
u = coefficient of friction 
$ = Dirac delta function 
86 * phase angle 
T = rifling twist 
$1 = mode shapes 
ا‎ = natural frequencies 


time differentiation 
spatial differentiation 


The analysis of gun tube dynamics is usually approached via one of 
two broad avermes. One approach relies on the initial discretization of the 
system into lumped elements followed by the direct solution of the resulting 
algebraic equations through computer codes. The finite-element method is 
typical of these techaiques. The other approach utilizes the classical mode~ 
shape formulation which ylelds a system of ordinary, coupled, differential 
equations for the time-dependent response. These equations, which have time 
dependent coefficients and forcing functions, are then integrated using 
standard numerical integration techniques and a computer. 


The second avenue ts followed in this paper. There are several 
reasons for this choice. First, the method is straightforward requtring few 
modeling от computational approximations. The ordinary differential equations 
(ODE's) which result occur at the end of the analysis so that they faithfully 
portray the physical model to that point. The only approximations made to 
obtain the solutions for the transverse displacements result from the methods 
used to integrate these ODE‘s. Since highly refined integration techniques 
are available, accurate solutions of these equations can be obtained. 


The second reason for choosing the classical approach +8 tts 
accessibility. Each component of the solutíon caa be directly related to the 
mechanics of the system, and therefore has a physical interpretation. This 
feature is particularly important in parametric studies which seek to 
determine causality and sensitivity. 


Third, the analytical method has already been used with good 
Success to analyze the dynamic response of small caliber weapons [1]. Tlie 
results obtained were compared with carefully controlled laboratory 
experiments and shown to be superior to the finite element method predíctions. 
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Finally, ап] probably most important, time-displacement tube 
loadings are not eas!iy incorporated into the finite models. They enter into 
the ODE coefficients and forcing functions in a precise and straightforward 
way. The ODE coefficients indicate the degree of static and dynamic coupling 
present at any instant. Coupling of the ODE's plays an important role in the 
determination of the "apparent frequency" spectrum and tube response. 


3. BEAM EQUATION 


The equation which describes the transverse motion of a vibrating 


beam 13: 
(Busco y E S qd e del a 
Э + - س‎ + ----)у" + (----)у = P(x,t) -w › 
р ET КАС ^ aig TSA 


This equation expresses a balence between the beam stiffness (including shear 
effects), translational and rotatory inertia, and the applied forces, all ona 
per unit Length basis. 


Ап order-of-maguitude analysis for an М55-105 mm tube shows that the 
terms which account for shear and rotatory inertia contribute little to the 
equation when the model frequencics are less than 10" Hz. Since the highest 
frequencies anticipated are of the order of 193 Hz, the simpler Euler 
formulation was used, і.е. , 


+ 


w 
(Ely")" + 3 у = P(x,t) -w (2) 


where (') = 3/٥٢ and (*) = 93/9t. Warken [1] found that rhe Euler equation 
accurately predicted the respouse of 7.62 mm test gun tube. 


In most beam problems, excitation is provided by the term P(x,t) 
which 1s usually prescribed. It will be shown that the excitation of a gun 
tube cannot he expressed as P(x.t), but is given instead by a time- 
displacement function of the form f(x,t,y',y",y',. y). 


а. METHOD OF SOLUTION FOR A UNIFORM TUBE 


When the beam cross-section is uniform, the solution of the 
homogeneous Euler equation is obtained by assuming that 


N 
Ус = А УКС. (3 


Separation of the equation yields ODE's for the mode shapes which аге 


47 - nyo = 0 (4) 
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С: 4 
where 
м 
k 2 5 
ny’ = -—- (5) 
i gEI wy 
The mode shape functions which satisfy these ODE's are 
$: = Aq совћ(пј $)(x/ 4) + В; sinh(ny $)(x/£) 
+ Сі cos(n4 5) (x/ X) + Dy зХа(п4 $)(x/£) (6) 
The coefficients Ај may be set equal to unity. be values of п1%, Ві. C4, and 
D; ave determined by the boundary conditions at the tube support and at the 
muzzie. The natural frequencies of the tube are then given by 
"E 5 
А РЕТ 172 
wy = (ир) (=) (7) 
мі 
The sclution for T,(t) is 
Ty = E, cos wt + Fy ein ше (ә) 3 
where the constants Ey and Fy depend on the initial conditions. к. 
For non-disslpative boundary conditions, the mode shapes are с 
orthogonal to each other with respect to the weighing function w/g во that 
Qw 0 when 1 * j 
1 - $19j dx = (9) ^ 
ов М when i ^ j + 
ТЕ it is also assumed that the solution of the non-hcmogeneous Euler R 
bean partial differential equation (PLE) takes the form ک2‎ 
N E 
Ур = ) Dalt) (іс) г 
i=l M 
then the orthogonality of the mode shapes yield ODE's for (ع) ہو‎ which are 
یت‎ 7 1 (5 
qi + u^q4 = -- | P(x,t)$bi(x)dx (11) لا‎ 
Мі о | yy 
7 ا‎ 
Because the gun-tube forcing function is of the form f(x,t,y',v",y',.y) instead 
of P(x,t), the assumed solutions must also be inserted into the right-haud 
Side integral. This results in addittenal a4, 41, ٭‎ 44 terms ca the left- [a 
hand side cf the ODE'a above. The integrals which remain on the right-hand 
side have integrands of the classical ferm Pix, =) ф(х) which depend on the 
initial tube displacements. When integrated over the tube length, the right- СТА 
hand sides become time-dependent driving functíoos tor the coupled ODE's. The یں‎ 


numerical solution of these 90é's for 4; (0) completes the analysis. 
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5. EXCITATION FORCES 


Five sources of excitation have been identified by various 
investigators. Their formulations will be presented below. 


5.1 Recoil Inertia Load 


This load is caused by the deflection of the tube from the recoil 
axis. The resulting axial inertiai force tends to straighten the tube, 
returning it to concentrficity with this axis. Its contribution to the 
excitation is given by [2]: 


ч 
: ax(t) [C£0 y! ]' (12) 


5.2 Pressure-Curvature Load 


This load results from the difference in the transverse projected 
area of the tube caused by bending. Its contribution is given by [2]: 


-TR, ?P(t)y" H(xp-x) (13) 

where the Heaviside step function is definad as 
Hel when 0<x <x (14) 
Н = Û when x > Xp (15) 


5.3 Projectile Trajectory Loading 


The projectile, although of considerably less mass than the tube, 
can exert a significant transverse force on the tube when it accelerate: along 
a curved path. The per unit length force exerted by its motion is given by 
[2]: 
wee vd era 16 
я ly «х,у Xp ] (xp-x) (16) 


wuere $(xy-x) is the Dirac delta function. 


Wu [3] has postulated the existance of a couple exerted on the tube 
when the projectile propelling force does uot pass through the projecttle's 
mass center. Ihe transverse unit loading is formulated with the iid of the 
derivytive of the Dirac function аз 


P(t) TR, ге 
(--------- ) 8'(xy-x)sin( 8-42 ттхр) (17) 


Тіс term 28.0 accounts for the projectile revolution in a rifled tube. 
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5.5 Projectile Rotational Load 


As the projectile moves down & rifled tube, its mass center rotates 
causing a centrifugal load on the росе. The transverse vertical component of 
this force is given by 

W “ 

P . 

x ((2пткр)ге віп(0,%211х,) - (2ттхре соз( 9+2 птхр) ] (xy-x) (18) 


6. BEAM FORMULATION FOR GUN TUBE 
When the excitation terms are introduced into the Euler beam 


formulation, the total displacement is described by 


я“ м 
Етуіу + -уз- ay(t)[(&-x)y"]' - 84 2Ру"Н(хр-х) 
g g 


Wp 7 LM У PTR; ге 
Nod وا‎ хр?у" + в]б(хр-к) + E а وب سو و‎ ЖЫ 
чре . 
+ —- [(2лтхь) 2stn( 8,42 xp) ] 6(хр-к) (19) 
g 


The aead weight of the projectile is introduced by the addition of g to the 
projectile acceleration. 


It is convenient to express the total displacement as the sum of 
dynamic and static contributions, i.e., 


y(x,t) = ya(x,t) + Y(x) (20) 
The static displacement satisfies the equation 
EIYIV = -, (21) 


while the dynamic displacement satisfies the equation 


йб کین‎ 2 
ElyglY + ane ах(®)[(%-х)уд']' - Ry "Руа" Н(кр-к) 
Wyo 7 2% : PTR; ге 
- = (Уа + 2хруа' + Xp Yd” + 8] 6(хр-х) + (ug ?5'(хр-ю)а{а( 0+2 пир) 
р 
wpe . є 
+ ps [(201x5) ?stu( 65-2 1x5) ] &(xp-x) - ах(©)[(%-х)ү']' - 7R4 2РУ"Н(хр-х) 


м ee 


р * 2v 1 
NS + о! Е Араға 
xp" + қы 81 &(xp-x) (22) C3 
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Deviations of the tube from straightness due to manufacturing 
tolerances or thermal distortion can also be incorporated into the static 
displacement terw. 


7. BOUNDARY CONDITIONS WITHOUT SUPPORT FRICTION 


Because the гесо11 displacement is very small during the period of 
shot ejection, the tube supports are modeled bv springs attached to the tube 
аз illustrated in Figure 1. The torsional and translational springs shown are 
not independent. Their interdependence will be developed in a later section 
devoted to тоде пр the support stiffness. 





Figure l. Tube with Supports. 


The model boundary conditions for the total displacements at the 
free end are 


9?y 
M(%,t) = 0 = 355 (£,t) (23) 
8% 
V(£,t) 2035 %3 (2,t) (24) 
and at the support end 
м(о ЕІ де 0 K 3 
| , ^ 2 2 , = ~- (0, ) 
t) 222 (0,0) Xe (0,6) (25) 
a3y 
V(0,t) = EI 222 (0,t) = - Ky y(9,t) (26) 
х | 


8. STATIC DISPLACEMENTS 


The support springs must oppose the preload couple Мо caused by the 
muzzle-heavy tube. For convenience, it is assumed that the springs are 
adjusted so that the tube slope is zero at the breech end, x = 0. When the 
boundary conditions aud this restriction are applied to the solution of the 
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K. ^ 
static deflection ODE, the equation for the gravity droop of the tube is found 
to be 
(xd exea ae qd (27) 
EI[Y(x) - = -(--)х T-)X" ~ (---)х 
24 6 4 
wh “42 
where Ү(0) = - ~- , Mọ = --- , and Y'(3) = 0. 
К, 2 
7 
9. NATURAL FREQUENCIES AND MODE SHAPES 
The boundary conditions are satisfied by the mode shape functions 
when 
cosh ۶یہ‎ + В; sinh nt ~ Cy cos пу - Dy sin nt = 0 (28) 
sinh п; + By cosh یہ‎ + Cy sin nj kh ~ Dy cos یہ‎ = 0 (29) 
EI ny (А{-С{) = Ko(By + Dy) (30) 
ЕТ пу 3(B4-D4) = “Ky (Ay tCq) (31) 
The quantity nj2 із obtained from the determinant of the matrix of 
the coefficients of By, Cy, and D, which yields the transcendental character- 
istic equation s 
к,43 cos ny& sinh یہ‎ - sin یہ‎ ۶ cosh пуй C 
[1 ~ cos nif cosh nj 2] t -—-- (ЭС چرچ‎ Eg SS کسر مم‎ T ] 
ЕТ (п 5) 


4o-—- ا سس‎ ee 1-0 (32) 


Тһе coeffícieut ку43/ЕІ 18 a measure of the transverse stiffness of the 
support relative to the tube stiffness, and Кой/ЕГ is a measure of the support 
torsional stiffness relative to the tube stiffness. 


Once the values of یہ‎ are determined from the characteristic 
equation, the coefficients in the mode shape functions are given by: 


Ay = 1 (33) 


1 
By = A {[1 + sinh یہ‎ sin یہ‎ ~ cosh ید‎ cos nig] 


Кое sinh یہ‎ cos ہہ‎ Я + cosh یہ‎ Я sin ٭ یہ‎ 
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1 اس 
sin n48]‏ ۶ یہ cosh‏ - ۶ یہ cos‏ £ یہ Ne Cy = F {[sinh‏ 
sin пу?‏ یہہ Kgl 1 + cosh ni? cos n,£ ~~ sinh‏ 
Баа а а шелын ee eT ee ee setae 1) (35)‏ اچس ایا 
ЕТ i 11%‏ 
1 
cosh п{Ё cos nyk - 1]‏ + یہ sin‏ ۶ ہہ Dy = 7 {[sinh‏ 
Кө% sinh nį? cos пу + cosh n4 Я sin nh‏ 
)36( )1 سای مو و ات ےد مھا ھت ھت --- % 
EI ni 4‏ 
where‏ 


А = {sinh 114% cos пу ~ cosh n4 зіп 11% 


Kg£ 1 + sinh n, 2 зіп п} + cosh 148 cos ny £ 


+ =- (--------------------------------------- 37) 
EI | п1% ] ‹ 


The “orthogonality integral" сап be expressed in terms of these 
coefficients and the relative stiffness. When normalized to the tube length, 
it دا‎ given by the formula 


1 x 1 
f ф124(=) ы {[cosh nil + By sinh یہ‎ + Cy cos nyg 


(e , ҚУ Orc)? — көй (BD) 
+ Dy sin мя -2-. |-----г- --- |------2- 3 
4 sin n4 £]? + 3 - ҮЗҮ } + = 1 قرو‎ 1) )38( 


10. SUPPORT STIFFNESS 


Figure 2 is a schematic of the tube support system. Linear spríngs 
simulate the support rings used in U.S. tank concentric mounts. 






744701 И И س٠4‎ 


Figure 2. Frictionless Support Model.‏ یں 
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өз 
ےم‎ 
The springs in this particular system can be related to the А 
generalized 16 9 Ky and Kg by equating the sums of their forces and 


moments. The result is 


Ky = 2k (39) 


2 
5 
Kg = ا‎ Ky (40) 


The interdependence of Ky and Kg is also established by these relations. 


li. ORDINARY DIFFERENTIAL EQUATIONS FOR q,(t) 


When the assumed solution is substituted into the nonhomogeneous 
Euler beam equation, the following set of ODE's are generated 


W $1(xp) N “ 
р 7 
اتوہ‎ етра а ] (5 Ф3Схр)43} 
| да) 
۰ 0 t 


Xp 
272 $1 скр) 


aub ریا‎ aed 1 И [£64' (кр)а у) Ы ш وو‎ О 


м Фу) — Xx, ÊN 
P р р 
EUN E hn 2 [4567 (хь) у] 


N 
авиона (фахр) 1 ]٤؛ر')×دہ(وو[‎ 
dp 1 Ра J \*p793 


7 2 x 

- f êa) 

в о 
1 N x 
+ Ј афо) È (899431402) 
Xp/h 3=1 2 


l x N x 
“Т پوت‎ E [4646034140 ) = 1466) (41) 
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v. The second term on the left-hand side of this equation contains the 
mass coupling terms between the projectile and the tube. The third term is a 
pseudo-damping term which results from the Coriolis acceleration of the 
projectile. Іп the classical beam problem, the fourth term, шу 741, would 
determine the frequency of response q,(t). In this problem, the remaining 
four static coupling terms influence the "apparent" natural frequencies of the 
System at each stage of the shot ejection. 


The forcing function for each equation depends on the five applied 
loads summed according to the notation 


N=5 : 
(Е) = ) це) (42) 
N=] 


The individual coatributions to this sum are: 


11.1 Recoil Inertia 
(1) Мах (Е) 42 
1 UE) ow (iiss 1 (ny (7-7) 
i [ | سیت‎ 


Xx 


p E id x 1 7 
m {j а = Уа ад) ~ (1іғаҙ)(-) + - (1+ 
(ә m i ( Қалта ауа Ха 


x x 
+ By cosh وہ‎ - Cy sin чк 


x x 
+ Dy cos ng 71407) (43) 
& 
! 
where аҙ, аз, and ад сап be chosen to simulate a bent tube and are all zero 1f 


the tube is perfectly straight. 


11.2 Pressure Curvature 


1 
] 474) 
0 & 


хҺ/% х f x x 5 х х 
А {qi ~ "L + аә - 2930) + в4С-) ][cosh یہ‎ ٤ ری‎ + By sinh Шол, 


x x x 
+ Cy cos جن‎ + Dy sin ny to) 140) (44) 
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11.3 Projectile Trajectory 


Я 23 
L (3) = -------- P cxt ---- 
i ET 
] 44 2а(-) 
xu xp 2 x хр * 281 
р, р р р 
{G-) را‎ да айы сайы ас 1- 8»! 


Xp Хр Хр Хр 
{cosh 8020 + By sinh "0 + Cy cos те? + Dy sinh 1٤۷) (45) 


11.4 Projectile Rotation 


ue) = E ES (2x5) ?вїп( 8582 птхр) ) 


-(211x5)cos( 85*2 ттхр) } 


Хр хр 
{совһ ni ACT) * B4 sinh ng 5 C7) 


Xp Xp 
+ Cy cos aL 1C) * D, sin "{ cog (46) 
11.5 Projectile Eccentricity 
: TR, 2Р(Е)8 в 
وت‎ [uere 10490) 


1 х 
Wf 4420) 
0 5 
хр Хр 
([sinh n £C * B4 cosh С) 


Хр Хр 
- Cy sin وین‎ + Dy cos 1 


[sin( ٥+2٤8 ) (47) 
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The complete solution of the PDE is 
N 
у= l (Түні) (48) 
4=1 


Since the initial conditions for the dynamic displacement are y(x,0) = y(x,0) 
= 0, then 41(0) + T,(0) = а1(0) + T,(0) = 0. Letting E, = Fy = 0 in Eq. (8) 
yields the initial conditions 41(0) = 41(0) = 0. 
12. EFFECT OF SUPPORT FRICTION 

Figure 3 models the supports when the tube is allowed to slide 


within the supports as it recoils rearward. If there ts no clearance between 
the tube and the mount the moment generated by the friction is 


Ме = vy(0,t)KyRy (49) 
In terms of the dynamic deflection this moment is given by 


Ме = WKyRoyg(0,t) ~ م۷9۶‎ (50) 


(а. MAER / t^p پور ور‎ 
۴ | ук AŻ 


f 





е о е 


“7/7277727777,,2722447/4” 


Figure 3. Tube Support with Friction. 


The quantity рм is an externally applied couple due to the static 
load which augments the I,(t) terms. Its contribution is 


Ry 
14(6)(t) = - [---------- 1٢ت‎ (4 (81804) (51) 
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The modified mount-end moment boundary condition is 
EI ng 2(А1-С1) = Kony (BytDy) + ماہلا‎ )۸ی٥ر(‎ (52) 
The mount-end shear boundary condition is 


a3y 
EL 223 (0,0) = -Ky y(0,t) + ку 1у(0,401У (0,2) (53) 


Sined uy'(0,t) << 1, the contribution of friction to this boundary condition 
can be neglected. 


The determination of the natural frequencies and mode shapes is а 
straightforward computation. Unfortunately, the mode shapes are not 
orthogonal since it can be shown that 


a d x 
0 $101 > 


UR Ky2? (п) (В +03) (1+0) - (n4 5) (843D 42 (1+6) 7 
er! (n40* = (ny 2)" 


Non-orthogonalíty also leads to further modification of the forcing functions. еэ 


Calculations with u < 1.25 and support stiffness of 50(103) to 
250(103) lb/in. show infinitesimal (third place) variations in the eigenvalues 
when compared to the frictionless values. Since the mode shapes with friction 
depend on the eigenvalues, they will also be insignificantly influenced by 
friction. Thus it appears that the effects of friction can be determined 
quite accurately using the frictionless eigenvalues and mode shapes in 
conjunction with the forcing term ۰(ء)(1)6‎ The computed results reported in 
the following sections were obtained this way. 


13. INTRODUCTION TO DYNAMIC ANALYSIS CODE:  'DYNAM' 


In keeping with the ideas set forth at the outset, the writing of a 
computer code entitled ')ҮМАМ' was initiated. The goal of this exercise was 
t^ provide a quick vibrations analysis used for keeping a watchful eve upon 
tube dynamics during the critical shot ejection period. This is considered 
useful for comparing the respenses of current or proposed systems against 
accuracy and was accomplished by incorporating the theoretical analysis into 
an efficient computer code to be used as an engineering tool within the cannon 
and mount design loop. A usable release of 'DYNAM' was made available four 
months after its inception and is continually being updated whenever new 
driving influences or more efficient numerical techniques become applicable. 


The theoretical model coded in 'DYNAM' like othera manages some 
things well, others not so well, aud the rest not at all. For mode shape 
determination, the tube and mount are connected as shown in Figure 2. By СУ 
itself the tube is treated as a finite leagth beam of constant cross-section 
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ја restrained through an axial and torelonal Linear spring mounted at the breech E. 
end. The modelling weakness existing here із that пові gun tubes do not have P 
constant cross-sections along their full length and the interaction between 
the gun and mount may be much more complicated. The saving grace tor the 
form r condition is that L/D ratios for gun tubes are very large, thus 
minimizing these inheront shortcomings. For the latter condition a stronger 
justification is need |. The interaction between a gun and mount ів kr wn to 
be a very complicated process possibly indicating a type of non-linear 
reaction. The coded model views support connections as linear springs rigidly 4 
attached to both gun and mount. "зге fs ло allowance fer clearance or | 
non-linearities. This could рохе a serious limitation should actual reactions 
differ greatly from those modelled. In any event the analyst has tl. option 
of setting a spring rate as well аз a wheelbaac anywhere between zero and 
infinity thus allowing the support cornection to be free, fixed, simple, or 
anywhere [а between. 


The conplexity of the system PDE was greatly reduced by neglecting 
the rotatory and shear effects. A cursory order of magnitude study conducted 
on the resulting Euler beam formulation indicates that the etfect of employing 
the simpler model would be of little couvern for modal frequencies less than 
10,000 Hertz. This may, however, limit the total number of natural 
frequencies that may be considered for a particular application. Neglecting ^ 
these effects may cause convergence difficulties as solutions employing higher J 
order roots are attempted. Іп addition, the numerical integration scheme has 

E an impact upon convergence. A multi-step non-correcting method is employed as 
(o. the ODE solver which may require the use of fine tíme increments to insure 
solution convergence. The penalty here is the cost of using an extensive 
amount of computer time as the need for a greater number of integration time 
Steps increases. 


The internal workings or 'DYNAM' is very detatled, therefore, 4a 
extensive trip through the code is outside the scope of tnis work. What will 
be presented instead is a cursory look at the general program flow, the inputs 
it needs, and the resulting output. 


'DYNAM! accepts as input fifty-six single value variables as well as 
a table of transients related to ballistics and recoil forces. The entries 
and tables can be broadly segmented into five groups, the first of which 
concerns tube definition. Cylinder geometry, initial shape, density, and the 
material's modulus of elasticity are part of this group. The next group 
concerns projectile characteristics. Weight, eccentricit: and shot spin St 
comprise all of this group's data. The third group conta is the variables 
defining the tube's interaction with the mount. Contained here 1з information 
regarding support stiffness and wheelbase, coefficient of friction, aad radial we 
location between sliding components. Filling the next group are all the P 
transient tables mentioned above. The last set contains the program control Ex 
data including various switches controlling output design, excitation forces Ф 
to be considered, type of solution to be run, the number and accuracy ot the E 
natural frequencies, as well as the integration and output time steps. 
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Output can generally be divided into two broadly based groups: (1) WD 
results of normal modes analysis, and (2) complete dynamic history of gun tube 73 
flexure. The first set of outputs may be calculated independently of the اک‎ 
second, but not vice versa. Dynamic portion aeeds the results of the norzal 
modes aection to establish the terms of the system's differential equation of 
motion. In regard to normal modes, 'DYNAM' calculates the roots, natural 
frequencies, and coefficients cf the mode shape functions and files the 
results for independent graphing- The number of roots to be considered is Miel 
requested of the analyst and is limited to twenty. Output generated as a 
result of the dynamic aualysis includes transverse dísplacement, velocíty, and 
slope of the breech, muzzle, and three equally-spaced locations in between. 
These calculations are reported as functions of time. At four equally-spaced 
time intervals, a file containing tube shape is generated as well. 


The internal workings of 'DYNAM' can, in general, be divided into 
three segments. During the initial segment, mode shape analysis for the tube 
and mount is perforned in the absence of any transient driving forces which in 
essence determines the free vibration modes of the system. By invoking the 
Method of False Position [4], the characteristic equation is solved yielding 
the natural vibration frequencies of the model. Straightforward calculations 
for determining the coefficients of the mode shape equations and files 
containing numeric data pertaining to the natural frequencies and mode shapes 
are then generated. у 


The analysis сап be terminated here allowing a review of the : 
calculations or may contínue into the last two sections. In general, the ез 
second portion of code gererates solutions to the second order differential 
equation relating the mode shapes, driving forces, and time dependent 
functions. The ordinary differential equations describing the time dependency 
contains terms of the function Q and its first two derivatives (all are N x 1 
vectors). The coefficient matrices are N x М in size where N is the number of 
natural frequencies considered. The rightside driving forces are iumped into 
an N x 1 vector. All this information is passed on to the solving routine 
which initially determines the vector equation for the second derivative of 


the 9 function. М ordinary uncoupled differential equations in time will be К 
generated, the solution of which can be handled by well-establisted numerícal E 
procedures. 


Integiations in time are performed Бу an Adams-Bashfort Backward 
Difference Scheme [5]. It is a multi-step method requiring derivative 
evaluations at four preceding time steps for each integration performed. This 
method was chosen because it is a straightforward, easily coded procedure not 
requiring con.inual time interval updates, backstepping, etc., used by self- 
correcting methods. Unfortunately, convergence criterion cannot be set a 
priori and very fine time increments may be needed for solutions to settie 
down. Self-correcting procedures may assure convergence, but would require а 
much more complicated code and probably would not execute a converged solution 
with a much greater real time saving. Better integration procedures are 
contieually being evaluated for use in later editions of this code. Traasient 
analysis continues until the dynamic input tables are exhausted at which 
point the third and final portion of the code assumes control. ےم‎ 
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In this final portion, tbe results of the previous two sections are 
conbined yielding solutions to the Euler beam eguatiou. The mode shape 
equations are transposed irto a 1 х М watrix and multiplied into the Q-vectors 
resulting in а dicensionalized transient vibration picture of the tube. 
Currently, this output is internally controlled yielding tube shapes at four 
equally-spaced time intervals and complete transient dynamics at five equally- 
spaced points on the tube. Output of this type will provide the analyst with 
both a "snapshot" of the tube at various times in the cycle, as well as a 
graphic representation of vibratiou buildup as the shot approaches and passes 
a point on the tube. In addition, dynamic animation can be achieved by the 
use of graphic routines which access numeric files generated by ‘DYNAN’. 


14. CONVERGENCE STUDY OF DYNAMIC ANALYSIS CODE:  'DYNAM" 

Any mathematical model which allegedly mimics a physical system has 
certain limitations, a list of which has previously been presented fcr the 
model described herein. Any dynamic model requiring numerical integrating 
techniques should, as a bare minimum, es! :blish convergence standards early on 
in its development cycle. Та dynamic modelling requiring approximate 
integrating schemes, convergence is established when system responses approach 
a limit as the number of integration time steps increases. The limit for 
cases such as these could be a single value or a complete transient response 
over the total cycle. In addition, if a convergent limit can be confirmed by 
experimental methods, the model can then be utilized to accurately predict 
System responses due to a variety of parameter changes. ‘this viii circomveuc 
the need for extensive testing. Many times, however, this link between the 
theoretical and real ів weak. A model's convergence сап still be established 
independently Бу repeating the analysis using a greater number of integration 
time steps rendering better accuracy for each solution. Convergence is 
reached when the results of subsequent calculations become indistinguishable 
from each other. ‘he validity of these calculations may be suspect without 
the proper corroborating evidence, however, much can still be learned about 
the system's relative behavior by comparing various responses as the model's 
parametric muscles are exercised. 


For the case presented here, converzence is a two-faceted item in 
that both time and space dimensions must be considered in its establishment. 
Since all continuous systems possess an infinlte aumber of natural vibration 
frequencies, the model should approech reality as beth the number of natural. 
frequencies considered and the number of integration time steps approach 
infinity independently. Due to finiteness of computer resources and time, the 
ові accurate solution cannot be tested. Instead, a reasonable tradeoff must 
be determined. Additfevally, the link to reality cannot be made at this time 
due to the lack of a database containing the type of measurements needed for 
cemparison. 


The numerical scheme used for integrations іп сіше has a derived 
equation for error estimates which 48 proportional to the fifth power of the 
step size and the fourth derivative of the function being integrated. Since 
we are not dealing with closed form Ғапсбіспаз relationships, estimating error 
limits prior to model execution is difficult if not tapossible. Given all 
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this tenuous water in which we are treading, a heuristic approach wiil he used 
A number of independent runs 


for determining the conditions of convergence. 


The most critical point during a 


ot a given system wiil be made aud a comparison between vavious cutput 
relationships will be used to determine whe. repeatability is achieved. 
only parameters varied betweeu each run will be the number of roots and the 


integration time step. 


Before begiuning this study, a few words about the type of results 
that will be used to assure solution convergence should be made. 
underlying reason Го: conducting analysis of this type is to predict shot 
accuracy at the target во that in designing a gun system this parameter can be 
monitored end possibly optimized. 
projectile's travel towards a target occurs at the instant of shot efection. 
During this time the gasca and prejectile cause the gun t5 react violently. 
If a reasonable convergeuce criterion cau be established at this point, 
convergence throughout the remainder of the сус:е would be assured. 
three piots which most effectively portray a projectile's initial entrance 


into free fiight. They are: 


tube profile at projectile exit 


traüsverse defiection of muczzle versus time 
transverse velocity ci muzzle versug time. 


1 
хо 


2, 
3. 


The graphs generated will te studied as both integration time steps aud the 
пиле of motei considered are varied for a “Sven weapons зузгел. 


The gun system co be used in the study Je the M68 gun mounted іп che 
M60 tank. The M392E3 trainer round, which has a muzzle velocity of 4900 
ft/sec and develops 60,690 psi chamber pressure during its six millisecond 
excursion along the tube's bore, wil! generate the ballistic driving forces. 
The stiffness between the gun and mount will be set at 100,000 lbsin. and the 
The tube itself 19 modelled zs a cylindrical. 
by 210 in. long. 


wheelbase will he 22 inches, 


bean 7.23 іп. 0.0. by 4.13 in. L.D, 


010-інсһ eccentricity wil! be set into che projectile in oder to drive the 


two eccontric dependent excitation forces, 


Since лп earlier orler-of-magritude 
Study indicated that shear effects which have been neglected wil?! become а 
{actor at about 10,000 Hectz, it appears that using twenty modes will keep the 
model weil within the framework of the analysis. 
time needed to cuu a twenty -modes golvtion, it was decided to set 
shapes as the upper limit in order t» achieve tolerable execution 
raupe of valueu for the independent variabies used in the 


10, 12 


20, 10, 5, 2.5 nicroseconds 
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А preliminary calculation indicated chat for the above conaiticas 
whe tenth mode of vibration occurs at o frequency of 1106 Hertz, while the 


twaütieth mode occurs at 5150 Hertz. 


study will be: 


numhcr of modes: 6, ё, 
integration tine step: 


computation 
twelve mode 
times. The 
convergence 
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The results of the convergence study are contained in Figures 4, 5, 
ard 6. On each of the figures four graphs are shown, each one containing four 
plots. These four plots indicate system responses for the four time steps 
chosen within the given number of mode shapes. The four graphs per figure 
shew the response for the various modes considered. In Figure 4 the tube 
profile at projectile exit is indicated for the various integration time steps 
and mode shapes. Within each mode shape, the four tube dynamic profiles 
appear to be superimposed upon each other. This condition definitely 
indicates solution convergence within each mode. This characteristic is 
present on the remaining figures of muzzle displacement and transverse 
velocity as well. The actual shapes are somewhat different as more modes are 
палеа in analysis. Use of six mode shapes yields a rather flat profile, 
whereas when eight, ten, or twelve modes are used, a well-defined non-linear 
ahape results. The difference in profile between ten and twelve modes is very 
slisht indicating that total convergence is being approached at these levels. 
The overall maximum deflection varies from -0.012 to -0.020 inches at 40 to 60 
inches from the breech end. At the muzzle end the results are more uniform. 
Tip deflections tun about 0.007 inches for all cases considered. 


On the two figures which follow, transient responses of the muzzle 
end are shown. The transient range ruüs from the initiation of bellistic 
pressure up to projectile exit (about 6 m-s). Results indicate that the 
muzzie displacements predicted by all 16 cases are similar and approach 
convergence at ten mode shapes. The muzzle raises somewhat steadily as the 
chot progresses down the bore. Ths maximum deflections achieved are between 
0.007 and 0.009 inches. The transient response of the muzzie's transverse 
speed indicates the greatest deviations between modes. A cyclic pattern just 
before projectile exit becomes more pronounced аз more modes are considered, 
however, the difference between resporee at projectile exit is negligible for 
ten or twelve modes. In ali there is a swing of about 4 in./sec of the muzzle 
at cxlt considering all 16 cases. 


in light of these calculations, it appears that both within mode as 
vell ns overai?, solution convergence can be claimed. This assures us that 
the modei can Le used with confideuce to compare the change of response 
induced by the change of an individual parameter (і.е., sensitivity study). 
This will be the tona of the concluding portion of this paper. Тһе ten mode 
shapes model with а teu microsecond integration time step will be used during 
this study due to the convergence level it established. 


19. SENSITIVITY STUDY OF GUN ACCURACY AND VIBRATION 


Pure dynamic analysis of gun vibrations is of little value without 
using the calculated information to predict the projectile's impact point at 
the target. In the concluding portion of this paper a shot impact medel will 
be proposed and its sensitivity to a number of weapons system parameters will 
be tested to establish potential dispersion patterns. In addition, tube 
vibrations will be studied in pseudo-animation to gain insight into relative 
motion during and a.ter projectile's in-bore presence. 


The initial conditions of a projectile's exterior flight toward a 


1-41 














Ht бик" 3 0) иша щн ИН 
1-42 


(in E gn 011111 1+1 





“у әлпЗүд 


8533 A 0999 ~ 4318 41 
= 4848 ghi 
5 a owes ad SRU 


0) 338 a ona = ази зац 
(25 840581 44 5 





01 = 522705 380г 40 84: 
МХ 1116211084 11 1488 1884 :10015 3102 


(51) 840811 4 
ove و‎ a 





iro 


е 


9 = 863488 200Я 40 SIERAN 
3173 11142310314 LY 3188 JENA 10045 12832814402 


: 0038م‎ soueSisAuoj3 


(M^ 1 sl) 111111 1 


illl 


(tem x a) 11111 ин 





‘adeys oqny 


42:5 341 


(6) 568881 30% 





21 = 593705 300R 40 74 
МХЗ 31120110584 17 3dYHS 2001 :10015 228322334802 


(s1) шешт 4 
ویو‎ “" м “ 


oro) t- 


Pog 


| " 
ф с Б14ҰН5 1008 40 81 
SIXT 43111211044 LY 141188 IGAL :40015 12819811402 








I-43 


(tour 1 2) 0011241016 Ин 


(yey 3 5) 1111211131 5024 





"с одпата 
à 
(8920) за || 
t - 7 MM рде 

t- 
t- 
А 
(ein % 


qs 


0: = 514785 1008 40 8 
2811 $2 80112274160 11121081 :10015 082 


$} 6288 4 5*3 = 4119 4 
81 $235 8 064 = 4148 ЗЯ 
(8920) эзи f) 8233 B 6401 = 4318 4 
i) 8338 f 00705 = 4258 45 
eee’ “ موہ‎ “ Lodi wt ° 


өні), 


9 = 3188ء‎ 300À dC SIGANA 
зид SA 011231430 31111 :24045 12422414802 





:Арп:5 әосәйләлпоо 


[ne y 2:} па SEAL 


(1897 £ 01) бәз aint 


*потзэезэа eTZzny 





(6328) зац 5) 8938 а 6001 • 4115 

не не “ tw das пе 
' 
tH " 


21 = Sid'5t JOON 40 10 





I 
(sous) ЗАЦ “жи tes 
m m ме m "T • 4:55 14 
$- 
%- 
4 
(00-00) 9 


8 = 8301013 IGON dO 181 
GAIL SA 80112214304 312203 :۸48 8 32 











I-44 


622 
;Арпаб ээиэЗлэлио) “9 әхп8ү4 
+) 2588 3 598 = 2858 385 — 
£38 A не «18304 — 
-- ЕЕ = 
eer se ж s% ме и % 

9- 
8 
E 5 
5 
= EE 
oru: , = 
: 2 

01 = 534785 2008 40 41 
1512 SA 03308 1122011 3858480152 :10018 032 

* 4318 111; — 
* 6348 1811 س‎ 
(6282) 4+ o 484 580 — 
e we © по ие РЕ 

m 


(2388/31) ши - 51 





Шаг 


9 = SIdYHë 3COM dO 1 
2514 SA 43245 4111111 19811554۲11 40145 103 





*AVPOOTIA ƏTZZNH 


(2318/31) 14000534. 4 


(235/01) 48129188 31111:1812 





. 4318 265 
© 1315 Ц 
(5280) 8314 . ли 5 
= 488 33H 
900° не vee эз sw D) 


21 = $34115 1008 40 8 
INIL SA 43345 41220K 35NZASAVHI :40045 383 


$) 5215 в 572 е 4148 4 
сү 6288 а 209 = 4346 BRIL 
(2288) 4+ 3) $339 ағы 5 4846 3011 
i юн a Ww • 4555 ants 
ме му tee" soe" и 9e е 





@ = 524185 2009 dC ٤ 
21811 34 17145 31721 1858143118 :10015 823 





SNECK AND GAST* 


target are directly related to the kinematics of its in-bore travel. The 
projectile is generally confined to an in-bore path created by the vibrating 
tube. At exit, the kinematic conditions of the path may cause deviations in 
the projectile's flight toward th: target. A geometric representation of this 
proposed impact can be found in Figure 7. Its contributing components include 
the displacement, siope, and transverse velocity of the tube's muzzle at 
projectile exit. These three conditions have been applied to the projectile's 
initial entry into free flight and have been projected to the target according 
to the equations shown on the figure. The model is idealized in that all 
contributions are given full rating values when in fact some (e.g., transverse 
velocity) may be attenuated due to ambient flight conditions. The model, 
however, will be used to calculate a single value dispersion factor for a 
particular combination of weapon system parameters. 


To conduct the study systematically, a set of baseline system 
parameters will be chosen. Some of these will be labeled test parameters and 
will be allowed to vary in a prescribed manner throughout subsequent dynamic 
modelling executions, while the rest will remain at baseline values. 
Dispersion patterns will be calculated using the geometry previously described 
and the results will be graphically presented for all combinations and 
variations considered. Conclusions will be drawn from a study of this data. 
The weapon system to be used will be much the same as the one used in the 
convergence study. As previously mentioned, ten mode shapes will be 
sufficient to accurately portray the physical system and ten microsecond 
integration time steps will be used in the transient analysis. The ваше 
ballistics will be used, however, an additional four milliseconds will be 
added in order to study the effects of post ejection vibrations. This will be 
done to gain insight into relative motions between both phases in the 
ballistic cycle. 


The sensitivity study will include four system parameters. The 
first is the tube support condition provided by the mount. The physics of 
tube support is a very obscure area, but is cousidered by experts to be a 
major contribution to tube motion. For this reason, all support conditions 
will be tested against the remaining independent parameters to gain insight 
into its interactive effect on gun motion. Five types of support conditions 
from free to fixed will be tested (see Table 1). The second test parameter 
will be the tube's bending resistance which is proportional to the outer 
diameter of the cylindrical beam use as the gun model. The tube becomes lesa 
flexible as this dimension increases. The state of projectile imbalance will 
be the third parameter tested. Imbalance contributes to two of the external 
driving loads discussed earlier. The first is the projectile'a rotational 
load, while the second is the reacting load needed to pre xrve the 
projectiie's іп-Ъоге path. This load is directly propertional to the 
projectile's wheelbase and the ballistic driving force behind it. The round 
being used in the study rotates with the rifling, therefore, imbalance will 
drive both of these forces. Due to the presence of both loads, two 
independent parameters within the imbalance envelope will be considered: the 
magnitude and location of the imbalance at projectile exit. Both of these 
will be varied independently including a wide range of possibilities. The 
last parameter concerns the tube's static deformation. When a mounted tube is 


1-45 














*Ад3эщ0э9 yoedwy 3045 7) einfja 


9 фер +'р =? 

21100184 18581131181 01 320 115803103 -°P 
44012 312268 01 300 113801103 -°P 
14112114814 212238 01 300 181801503 -'P 
14120134 1114281044 - ¥ 


21 391815 1114011084 - 4 


1-46 





тан 
+015 








018981834810 LOHS 40 0| 





даје UE ЧЕ ҮЧҮ LS Ce .ٹک‎ ee rere am 


PT SNECK and GAST* 


.. 


a 
ats 
.. 


at rest, it assumes a curved shape due to its own weight. Superimposed upon 
this could be additional curvature due to manufacturing toleranceg and/or 
thermal distortion due to environmental and operational heat loads. There are 
three input coefficients which may be used to augment or negate the natural 
droop of the tube. This option will be exercised for a variety of static 
shapes. The values for the various test parameters are shown in Table 1 with 
vaseline levels appropriately indicated. A total of 85 runs have been made, 
the results of which will be reported in the following manner. 


TABLE 1. SENSITIVITY STUDY TEST PARAMETERS VALUES 


| Value I.D. | 
| Number | 
| Physical | 
| Parameter | 


24 


| | Displacement | Free | Light | Medium | Heavy | Fixed | 
| | Stiffness | | | | | | 
| M ]----------------- + | 100 | 10**3 | 10%%5 | 10**7 | 10x10 | 
| o | KX(1b/in.) | ۱ | (ву | | | 
| 9 |------------- ------- |-------|---------|--------|--------|---------| 
Bn | N | Rotationai | | | | | | 
(o. | T | Stiffness | | | | | | 
| |І------------ -----» | 10%%0 | 10**5 | 10**7 | 10999 | 108911 | 
| | KR(1b/1n./rad) | | | (в) | | | 
|---|--------------------|-------|--------- |-------- |--------|---------| 
| | Bending | | | | | | 
| | Resistance | | | | | | 
| Т |----------------- + | 5.00 | 6.00 | 6.50 | 7.00 | 8.00 | 
| U | Beam О.р. (in.) | | | (в) | | | 
| B |-------------------- |------- |--------- |-------- |--------|--------- | 
| E | Initial | | | | | | 
| | Curvature | | | | | | 
| |----------------- > | o | 50 | 100 | 150 | 200 | 
| | 7 Static Droop | ۱ | (в) | | | 
|---|----- --------------- |------- |--------- |-------- |------- -|--------- | 
| | Imbalance | | i | | | 
| Р | Magnitude | ۱ | | | | 
| R |----------------- + | .0000 | .0033 | .0050 | .0067 | .0100 | 
| 0 | Eccentricity | | | (в) | | | 
| J | (in.) | | | | | | 
| E |---------- ---------- |------- |--------- |-------- |-------- |--------- | 
| С | Imbalance ۱ i ۱ | | | 
| T | Location | ۱ ۱ ۱ | | 
| 1 |-------------- ~--> | 90 | 180 | 225 | 270 | 36 | 
| L | Projectile Exit | | | (в) | | | 
| E | (Deg) 90 ==> Тор | | | | | | 
bo ak | | | | | | 
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The first is in regard to ішрасс dispersion for the range of values 
within a particular tube or projectile test parameter for all mount 
stiffnesses. Impact locations will be plotted against support conditions. 
For a given test parameter a pair of symbols at each stiffness will indicate 
the potential impact dispersion for the full range of test parameter values. 


The second form of data reporting is in regard to tube shape during 
various portions of the ballistic cycle. To enhance analysis of this type, a 
Fortran written animation routine employing Tektronix hardware and software 
was written. Basically, the routine receives tube shape calculations from 
'DYNAM' and draws the shape and projectile location on the graphic display 
tube at user specified time intervals of the ballistic cycle. Each deformed 
shape comprises one frame iu the animation. When the visibilities of all 
dynamic frames are sequentially switched from on to off and vice versa with 
appropriate delays between operations, the illusion of vibratory motion 
prevails. Playback speeds can be controlled by the user and range from а 
single frame to about 100 frames per second. In the animation, the tube is 
represented by its centerline. The animation can be recorded on a video tape 
recorder for transmission to areas remote to tbe graphic display unit. А 
selected number of animations will be presented at this Symposiun. 


16. RESULTS AND CONCLUSIONS 


Graphical results of the dispersion calculations for all runs can be 
found in Figure 10. The vertically placed symbols placed at each stiffness 
label indicate the maximum and minimum impact response for the test parameter 
considered. The continuous line connects the baseline responses and is the 
same on all graphs. With the exception of the tubes bending resistance, all 
of the parameters were tested at their full range of values. When the tube's 
0.П. was tested at five inches, excessive vibrations and dispersion resulted; 
thus this point was eliminated From the study. A number of observations can 
be made in regard to the information contained on these charts. 


In regard to baseline values of all test parameters: 


1. Dispersion respons зезе for a free support condition. 

2. А degradation in dispersion response is evident ag support 
stiffness increases. 

3. For the fixed support condition dispersion response is 
slightly worse than for the free end case. 


In regard to a tube's bending resistance and initial curvature: 


l. Tubes offering greater bending resistance and less initial 
curvature showed better accuracy. 

2. The greatest variation in impact response occurs in the mid- 

range values of support stiffness. 
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In regard to a projectile's condition of balance: 
* 

1. Perfectly balanced projectiles impact closer to the aim point 
than others. 

2. The impact point of a round is directly proportional to the 
maguitude of its imbalance. 

3. The location of its imbalance at projectile exit affects its 
impact point. 


From the results of the above study, it appears that tube motion and 
accuracy can be affected significantly by many of the physical features 
inherent in the weapon system. The few which have been analyzed attest to 
this. We would recommend that this model be pursued in greater depth, 
incorporating other system characteristics as well as conducting laboratory- 
controlled firíng tests to verify the analytical results. 
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TITLE: Projectile Foundation Moment Generation 
EDWARD М. PATTON 
Battelle, Pacific Northwest Laboratory 
Richland, Washington 99352 


ABSTRACT: 


A three year project was initiated at Battelle, Pacific 
Northwest Laboratory under the sponsorship of the US Army Ballistic 
Research Laboratcry to assess the moment created by the cocking or 
balloting motion of an obturated projectile ir the bore of a large caliber 
qu, The study focused on the ability of the nylon obturator band to 
generate this moment in a single bore contact projectile, and the magnitude 
of the тотеп that is produced for a given transverse angular disturbance 
of the projectile. 


The results of the overall study showed that the nylon obturators 
do impart a significant moment to the gun barrel when the projectile cocks 
in bore. The magnitude of this moment at a given angular disturbance can 
be compared to the moment that is induced when the center of gravity of the 
projectile is roughly two thirds of a caliber behind the center of rotation 
of the projectile at the time of maximum acceleration of the projectile in 
bore. This is not a second order effect, and in fact could dominate other 

| disturbance forces at other locations or times during travel down the gun 
(а barrel, Tits is particularly true early in the ballistic cycie as the 
obturator is being extruded through the forcing cone at the and of the 
chamber. It will in fact have a larae effect on the ability of the 
projectile designer to produce effective minimum weight projectile designs. 


BIOGRAPHY: 
PRESENT ASSIGNMENT: Technical Leader, Computer Aided 
Engineering, Battelle, Pacific Northwest Laboratory, Richland, WA. 


PAST EXPERIENCE: Research Engineer and Senior Research Engineer 
at Battelle (1980-present). 


DEGREES HELD: BS Biology, University of Oregon, BSME and MSME, 
Oregon State University. 








үй шл ұ- FLD Toi, re ee 2%”. их ня чыш тч “‏ سے جو Se PA 75Ы OE OO ТИ ЗОРУ {ЧЫ‏ ا ال ات اھ PE‏ مہ 


PATTON 


PROJECTILE FOUNDATION MOMENT GENERATION 


EDWARD М. PATTON 
т BATTELLE, PACIFIC NORTHWEST LABORATORY 
|47 RICHLAND, WASHINGTON 99352 


1. INTRODUCTION 


This paper represents the presentation of three years of effort 
conducted at Pacific Northwest Laboratory under funding and direction of 
the US Army Ballistic Research Laboratory. The thrust of the effort has 
been to investigate the interaction between typical nylon obturators of 
ES APFSDS projectiles and the gun tube, when a projectile experiences 
balloting (wobbling) motion. It had been thought in the past that the 
moment imparted to the projectile which is reacted by the gun barrel when 
the projectile cocks in-bore was an insignificant quantity. The results of 
this study show that, in fact this moment is probably tle dominant force on CAS 
the projectile early in the ballistic cycle [1,2]. C 


The project was a combination of an analytical and experimental 
study to determine the magnitude of the foundation moment, and the 
influence that design of the cbturator has on the magnitude of the moment, 
The experimental work was initially done with a static test fixture which 
simulated the gun bore. the interference between projectile and gun bore, 
and a sim:lated obturated projectile. This fixture is shown schematically 
in Figure 1. Initial results showed that the moment inducing bar was much 
too flexible, and a much stiffened fixture was constructed for the 
remainder of the first year of testing. That fixture is shown in Figure 2. 
At the end of the first year of testing and analysis, it became evident 
that sliding contact between the projectile and gun bore was very 
important. Section 2 describes in detail the testing for the first year, 
and Section 3 the analysis of that testing. A suitable projectile 
launching device, snown in Figure 3, was constructed during the second year 
of the project, and data were taken for a sliding projectile which was 
caused to have a prescribed angular disturbance. Sections 4 and 5 describe 
the testing and analysis respectively for the second year. The 
experimental tasks for the third year were intended to extend tie band 
geometry from the simple flat band used for the first two years of testing 
to a geometry more characteristic of the obturator bands used on common 
APFSDS projectiles. A schematic of the four band geometries, and the 
projectile used in the third year of testing are shows in Figure 4, Section 
6 describes tne results of the third year of test and analysis. Gs 
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Figure 1. First Test Fixture ' 








Figure 2. Stiffened Test Fixture 
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Figure 3. Projectile Launching Device 


The analytical work for this project consisted of using the К 
finite element method to model the projectile and its angular disturbance. 
Initially, fully elastic material properties were used for the пујст 
obturator materials, and two dimensional calculations ware attemptec, 
Three dimensional analyses were then conducted, along with material 
characterization tests for the nyion material used in the simulated 
obturator, An initial scoping study was performed to determine the mesh 
refinement necessary to give accurate results in the calculations. 
Initially a 15 degree circumferential element size was deemed adequate for 
the linear analysis, but the non-linear analysis required a somewhat more 
refined mesh (10 degree circumferentia] element size). In fact, it is 
still one of the overriding concerns of this author whether or not the IS 
finite element method will prove to be the correct tool to model this 
phenomenon. More about these concerns and some conclusions about the 
foundation moment and this project are included as Section 7 of this paper. 
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“igure 4. Schematics of Bands for Third Year 
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2. STATIC TEST APPATARUS AND PROCEDURES €» 


The schematic of Figure 1 shows a fairly thin moment inducing 
bar. Originally, this was made of aluminum, and was fairly flexible. At : 
the outset of the project, it was not expected that the foundation moment S 
would be of very large magnitude. Instead, it has been traditionally m 
thought that the nylon obturator band did not provide any resistance to 
transverse rotation of the projectile. The initial test results with the 
fixture in Figure 1 proved that the nylon indeed provided a large 
resistance to rotation. A much stiffened static test fixture was 
constructed, and results were generated using that fixture. The final 
configuraticn of that fixture is shown in Figure 2 as described above. Тһе 3 
central portion of the fixture is made of steel, and is considerably more Ду 
stiff than the original. Тһе base of the fixture aiso had to be stiffened, | 
resulting in the two welded stiffeners shown in the figure. 


To take the data, the fixture was mounted flat on a rigid 
surface, and a clip gage was mounted underneath the end of the moment 
inducing bar. A load of known magnitude was applied to the ton of the bar, 
and deflections of the end of the bar were measured with the clip gage. 
Characteristic output from that testing is shown in Figure 5. This data was 
taken with the final configuration ot the static test fixture, with the 
stiffened central core and fixture base, 


3. ANALYSIS OF STATIC FIXTURE — FIXED VERSUS SLIDING 


Several finite elemant analyses were performed initially as 
scoping calculations, and to determine if the finite element method would 
adequately model the foundation moment. All finite element analyses for 
the three years of this project were performed using the finite element 
code ANSYS [3]. ANSYS has a large library of elements, and a large suite 
of capabilities both linear and non-linear, and both two and three 
dimensional. This allowad the author to use one single code for all of the 
analyses performed. The code was also available at low cost on an in-house 
computer. 


All of the two dimensional analyses were performed with the same 
basic element, а two dimensional isoparametric quadrilateral element with 
several options. One of the options exercised was that of modelling a disc 
with a nylon outer band constrained at its edge, and displaced in the 
center. The plane strain option available with that element was exercised 
in this analysis, which was performed in an attempt to determine the 
circumferential mesh refinement necessary to adequately model the static 
test fixture, and ultimately the foundation memert for a typical 
projectile. Figure 6 shows the mesh used to perform the plane strain 
calculations. Another option of the element is an axisymmetric solid with 
non-axisymmetric (harmonic) loading (this 75 actually a separate element 
type in ANSYS, but the element defaults to the same as the main 
axisymmetric element if no harmonic loading is present). Figure 7 shows 
the mesh used for this calculation, This particular option on the 
isoparametric element does not allow material non-linearities. Preliminary m. 
calculations showed that the nylon band would probably be under sufficient : 
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Load X 100 !b (45.5 kg)/Lerge Division 





Displacement (0.01 inches (0.025 cm)/Large Division 


Figure 5. Characteristic Test Output‏ بت 
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stress that it would behave in a non-linear fashion, and as such it was eo 
deemed important to perform three dimensional calculations with a ` 
representative material curve. The two dimensional calculations were thus 
used to determine the circumferential mesh refinement required for the 
three dimensional calculations. Figure 8 is the result of a sensitivity 
study performed to determine the required circumferential element size for 
the three dimensional calculations. A circumferential size of 15 degrees 
was selected for the three dimensional calculations from this sensitivity 
study. Figure 9 shows the final three dimensional mesh used to perform the 
calculations modeiling the stiffened static test fixture. 


The calculations were initially performed with the outside of the 
nylon completely fixed in the axial and radial directions. Those results 
proved to overestimate the foundation moment significantly. Another 
analysis was run relaxing the axial boundary condition, with some 
surprising results. The predicted foundation moment with only radial 
fixity was one fifth of the predicted foundation moment with both rad al 
and axial fixity. An analytical estimate of the difference between these 
two boundary conditions substantiated this result [1]. It bacame apparent 
that measurement of the foundation moment in a fixture which did not allow 
the nylon band to slide in relation to the simulated gun barre! would not 
be representative of an actual gun firing an actual projectile. The second 
year of testing therefore concentrated on constructing a suitable 
projectile launching device with which a prescribed angular deflection 
could be input. and the force required to produce that angular deflection 2 
could be measured, © - 


4, PROJECTILE LAUNCHING DEVICE 
The device constructed to launch the model projectile is shown in 

Figure 3 as described in Section 1, The rear cf this device is a section 

of six inch schedule 40 steel pipe with a pressure cap welded on one end, 

and a pressure flange welded on the other end. This flange is mated with & 

flange welded on the end of a length of actual gun barrel approximately six 

feet in length, provided by BRL. At the flange (breech) end of the gun 

barrel is a ramp-like device for inducing aa angular deflection into the 

projectile, and measuring the force required to produce that deflection. 

The projectile is made of aluminum, with a faceted steel rear end plate. 

This plate is precision machined and measured such any one of several known 

angular deflections can be induced. Each of the flats of the faceted plate 

produces a different angular deflection when that flat is caused to ride up 

and over the ramp-like deflection inducing, force measurement device. 

Under the tall end of the ramp (muzzle end) is a rod which actuates a 

piezoelectric force transducer. The cutput from the force transducer is 

captured on a digital oscilloscope, and recorded. Several projectiles have 

been successfully launched using this device, and at several different 

angular deflections. Initially, there was also a trap door device at the 

muzzle end which was used to trigger the system. The entire system was 

pressurized (both receiver tank and gun barrel) to the maximum available 

building air pressure (about 125 psi). The triggered trap door mechanism 

was then released, releasing air pressure in front of the projectile, T 

causing the projectile to accelerate down the gun barrel. «= 


~ 
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The bands used for the initial testing were machined to have a 
minimum of interference between the gun barrel and the band (i.e. a tight 
slip fit). The foundation moment measured, however, was much less than 
that calculated in the analysis portion of the work, It was obvious that a 
good deal of interference between the projectile and the gun barrel was 
required so that no part of the nylon band would lose contact with the gun 
barrel when the projectile was cocked in bore. Therefore, more bands were 
made with an interference of approximately 10 mils. The projectiles with 
these bands required a considerable force to load into the gun barrel, as 
the nylon had to be compressed radially by 10 mils. They also required 
significantly more than the building air pressure to launch. At this 
point, the triggered trap door mechanism was abandoned, the projectiles 
were seated with a hydraulic ram, and a nitrogen bottle was used to provide 
the necessary pressure in the receiver tank. The pressure was raised 
benind the projectile until static friction was overcome (approximately 600 
ре:). and the projectile accelerated over the ramp and down the gun barrel, 


5. ANALYSIS OF SLIDING PROJECTILES 


The three dimensional finite element mesh used to perform the 
calculations for the second year's work is shown in Figure 10. The darkened 
area around the center is the modelled nylon band. Note from the figure 
that the analysis was performed with the band fixed radially all cf the way 
is an interference between the nylon band and the gun barrel. The 
predicted foundation moment using this set of boundary conditions was 
considerably higher than what was measured in the first tests. The tests 
were then conducted with the nylon band interference, and the band in 

ompression at the outset of the test. These test results provided a 
s.gnificantly higher force output, but were still much lower than the 
finite element predictions. Several approaches were taken to determine the 
nature of this discrepancy, as shown in Figure 11. The stiffness of the 
nylon was changed, as well as the number of radial constriants. ihe 
"fixed" in the figure represents a radial constraint imposed on the entire 
outer surface of the nylon band. The "released" refers to a selected 
number of those restraints being released in order to model the projectile 
without any radial interference. Clearly, the actual case is somewhere 
between the "released" boundary concitions with a softer nylon (elastic 
modulus of 200,000 psi), and the "fixed" boundary with the stiffer nylon 
properties (elastic modulus 520,000 psi). The testing and analysis of the 
third year was intended to determine both what the actual foundation moment 
would be, and to extend the results to band geometries characteristic of 
typical APFSDS projectiles. 
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Second Year Three Dimensional Mesh 
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6. THIRD YEAR - TEST AND ANALYSIS Са 


The third year of testing апа analysis, as stated above, was 
intended to iron out the discrepancies between test and analysis, and to 
model and test band geometries more characteristic of the typical APFSDS 
obturator. Figure 4, as stated in Section 1, is a schematic of the band 
designs tested during that year's work. Also, as part of that project, a 
complete material characterization study was performed to determine both 
static and dynamic material curves for the nylon material used in the 
tests. Also included in that material characterization work was the 
testing of the nylon material in hydrostatic compression, The tests run 
for this project do not subject the nylon to a high state of hydrostatic 
compression, but an actual gun firing situation does. The nylon obturator 
is subjected to a hydrostatic loading of approximately 50,000 psi, upon 
which is superimposed the loading of projectile balloting. The material 
property characterization work will be reported in a separate document from 
the report of the third year of the foundation moment study. 


Force at Projectile Rear (Ib) (Thousands! 
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Figure 11. Finite Element and Test Results for Second Year 
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ЮА, The results of the finite element analysis for the third year аге 

EE reported below in Table 1. Note that the results are still much higher 
than what was measured experimentally. Obviously, the boundary restraints 
are not modelled accurately. It is questionable, however, whether an 
obturator in an actual gun firing condition can have anything but complete 
radial restraint. As stated before. the obturator is in a state of very 
high hydrostatic loading, mostly because of the propellant gasses, and the 
restraints of the projectile and gun bore. No part of that obturator will 
lose contact with the gun barrel under actual firing conditions. To that 
extent, our experiment cannot accurately model the response of an obturator 
to such conditions. Some knowledge about those conditions, and the 
conditions of our test, hcwever, allow us to make qualitative statements 
about the foundation moment, and the interior ballistic response of the 
obturütor. One would expect that the foundation moment would be higher for 
an obtorator undergoing large hydrostatic compression than for the bands 
used in our tests. Our tests then, if anything, will under-predict the 
foundaticn monent. 


TABLE 1. THIRD YEAR FINITE ELEMENT RESULTS 


Band Geometry ^ Force for „1 inch deflection .3 inch deflection 
Straight (band ۸( 13,000 pourds 27,540 pounds 
V-band (band С) 11, 460 pounds 22,800 pounds 
V-notch (band D) 6,340 pounds 15, 300 pounds 
(ә All of the projectile testing for the third year was done at the 


same imposed displacement, 0.09 inches. Table 2 summarizes the 
measurements taken for the twenty bands tested, as averages for each band 
design. Тһе band designs are those shown schematical!y in Figure 4, and 
identified as bands А,В,С, апа 0, The test results are fairly consistent, 
and closely match the results of the second year's tests. This is a good 
result, and shows us that the foundation moment that we are measuring is in 
fact correct for the boundary conditions imposed. The test results are, as 
stated above, and as they were in the second year of testing, considerably 
lower than the finite element predictions. Again, the boundary conditions 
for those predictions are as yet poorly understood, as evidenced by the 
differences between measured and calculated results. 


TABLE 2. TEST RESULTS FOR THIRD YEAR 


Band Measured Force 


4430 pounds 
4970 pounds 
5160 pounds 
2410 pounds 
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2. CONCLUSIONS 


The major conclusion that can be reached from the three years of 
the foundation moment project is that the foundation moment is large. It 
in fact is most probably the dominant force on a projectile early in the 
ballistic cycle. The magnitude of the foundation moment is on the order of 
the magnitude of the cveriurning moment induced by having the center of 
gravity approximately one half to two thirds of a caliber behind the center 
of transverse rotation at the projectile's maximum acceleration. The 
magnitude of the foundation moment does not change with acceleration, and 
therefore is considerably larger in relation to the position of the center 
of gravity of the projectile at anything other than maximum acceleration. 
This result is contrary to current thought about the foundation moment. 
Current interior ballistic models that include the projectile and its 
interaction with the cua barrel during firing do not take this capacity of 
the obturator band to induce a moment into consideration. Certainly the 
foundation moment must be taken into ccasideration in any future work ог 
extensions to curren* models if the interior ballistic predictions are to 
be correct. 


A second conclusion can be drawn from the finite clement analysis 
that has beer performed within the scope of this project. That is that the 
use of the finite е1елепі method for prediction of structural response in 
interior ballistics is e difficult task, and frought with severe 
iimitations at present, The елрепзе and man-power effort required to run a 
complete three dimensicnal non-linear analysis of a projectile with 
complicated geometry may be prohibitive. It may well be that approximate 
methods linked with a good experimental data base may prove to be the 
preferred method to deal with this problem in the projectile design 
environment. The three dimensional analyses performed for this project 
used the geometry of the test projectiles, which is considerably simpler 
than that cf a characteristic APFSDS projectile. Those analyses required 
approximate / 60 megabytes of dirc stcrage space per analysis, and ran for 
two and one half days on an APOLLO 0№420 computer. This is à significant 
investment in computer resource, for a simple geometry. A typical APFSDS 
projectile would require significantly more resourcc. The limitations of 
available computer resources, and researcners knowledgeable both in the 
field of interior ballistics and the finite element method are formidable. 
A complete interior ballistic simulation using this method for a singl- 
projectile does not seem at this tiie to be practical. Further rescarch 
into analytical techniques for interior ballistic simulation are required, 
and should be pursued. 
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vehicle linear acceleration. Knowledge of acceleration is then 
used to improve the estimate of present and future position of 
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1. INTRODUCTION 


The subject of this paper is tracking the present position 
ot ап aircraft and predicting the future position of that 


aircraft. Many tracking systems in commercia! and military use 
today use only range, elevation angle, and azimath angie 
measurements fram a radar system. In this paper aircraft 


attitude angles (yaw, pitch, roll) are also provided to the 
tracker. An experimental comparison, contained herein, cf 
tracker performance when tracking violently maneuvering aircraft 
indicates а dramatic improvement is obtained by using attitude 
information. 


Radar measurements have proven ta provide satisfactory 
accuracy when tracking vehicles in unaccelerated flight. 
However, when a vehicieé is quickly maneuvering, Gast and present 
position are not a sufficient basis for accurate prediction of 
furure  veliácie position. Спа of the most Powerful means 
avaliable to & ptlul fcr accelerating hes vehicle involves 
changin: the magnitude and direction of his aerodynamic Lift 
vector. Yo do this ٤ئ‎ pilot changes the aircraft attitude with 
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respect to the inertial frame and changes his orientation with 
respect to the wind. These attitude changes аге strongly 
correlated with vehicle acceleration, as will be shown in this 
paper, and can be used to substantially improve the accuracy of 
acceleration estimates. With improved acceleration estimates, 
the accuracy cf trajectory prediction is improved. 


Typically modern tracking filters employ three identical 
uncoupled estimators for the three translational degrees of 


freedom. Each estimator may be of one of the following typest11. 


а Filter: x) = wilt) 
«-4 Filter: x(t) = wt) 
a-8-Y Filter: x(t) = wit) 


The symbol x(t) denotes position in either north, east, or 
vertical directions while w(t) denotes white noise. Based oan 
these dynamical models, state estimators are constructed that 
attempt to reconcile tne behavior of the matin matical model with 


the measurement o pasition. 


Frediction from time t t3 time t+T is accomplished with the 
following simple formulas. 


а Predictor:  x(t*T) = x(t) ы 
a~@ Fredictor: x(t+T) = x(t) + Tx't) 7 
а-8-7 Predictors x(t«T) = X(t) *TX (Е) +TAX (t) 


The symbol ^ is used to denote an estimate of position, velocity 
or acceleration. State vectors for these modeis are of order one, 
two, and three respectively. Note that the « Fredictor states 
that the future position is the same as the present position. The 
a-# Predictor is based on а nonzero but constant vehicle 
velocity. The a-&-7 Fredictor is based on a nonzero but constant 
acceleration. Thus only the last predictor can handle a ‹ arved 
trajectory. 


Each of these filters does a poor job of modeling vehicle 
acceleration. In fact. only the о-й-7 Filter estimates ап 
acceleration state. In this case the model specifies that the 
rate of change of acceleration is white noise. Thus the model 
providos very little meaningful information regarding 
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acceleration, i.e. the acceleration model is purely stochastic. 
Furthermore, the estimator will attempt to estimate acceleration 
( the second derivative af position ) using anly position 
measurements. This process is frequently unsatisfactory because 
differentatian of one waveform, even approximately, to obtain 
another amplifies noise. 5 


Alternate models for acceleration have also been proposed. 
Singer C2} and others discuss exponentially correlated 
ecceieration of the form 

Хо = -1/r х + и. 
In a recent paper BergL31 proposes a more complex acceleration 
model given by 
x = -1/r X راہ‎ м + c 

where c is computed as a function of the most recent estimates of 
vehicle velocity and acceleration. The function c represents an 
adaptive estimate of the mean vehicle jerk based upon the 
assumption that the vehicle is in a coordinated turn. As with 
most other previous araroaches, the two methods mentioned above 
are limited by the problems of trying ta determine acceleration 
from only position measurements. 


in this paper an improved tracker is developed in which the 
mathemstical model of vehicle acceleration is substantially 
improved. This is done by the incorporation cf vehicle 
attitude measurements into the tracker. The relationship between 
attitude and vehicle acceleration is then used to generate an 
improved estimate of both the magnitude and direction of vehicle 
acceleration that in turn can be used to generate an improved 
prediction of future position. Using attitude measurements to 
estimate the direction of vehicle acceleration in the tracking 
scenario was first suggested by Kendrick et.al. [41]. In this naper 
attitude іс also used to estimate the magnitude of vehicle 
acceleration. In гефегепсесој, Lefas uses aircraft roll angle 
measurements to improve acceleration estimates. The roll angle 
measurement іс obtained by the tracker weing a telemetry-like 
link between the aircraft and the tractive. Improved trackers ot 
the type developed in this paper have important application to 
ске tracking of commercial aircraft for air trafic control апа 
coilision avoidance. 
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2.  REFRESENTATION OF VEHICLE ORIENTATION 


This section presents a way af mathematically representing 
the attitude of a vehicle in three dimensional space. While many 
methods are possible, the approach taken here involves using 
Euler anglestól. Three Euler angles are required, heading angle 
V, pitch angle @, and roll angle $. 


Two trames of reference are pertinent to this study. The 
first is the inertial frame with orthogonal unit vectors 1.4 тү, 
and Lys The origin of this frame is the tracker, which is assumed 
to be fixed in the inertial frame. Unit vector i, points north. 
iy points east, and i- points down. The second іс called the 
vehicie body frame and is derated by orthogonal unit vectors by, 
b. b, . The origin otf this frame is the vehicle center of mass. 
Unic vector b. points out the меһісіе позе. Py painta out the 
right wing, and о, 15 perpendicular to b, and b, going out the 
bottom of the vehicie. 


Assume that the vehicle body frame is translated so that its 
Origin coincides with the origin of the inertial frame. The 
arbitrary orientation of the vehicle body frame with respect to 
the inertial frame can be specified by a series of three 
consecutive rotations .s shown in Figure 1. The first rotation 
is about unit vector i- by an amount Ф, the heading angle. The 


new orientation is specitied by the heading frame unit vectors 


hy» Ву» and hos Note hz = ise The second rotation is about unit 
vector Ку by an amount GO, the 05 angia: The new orientation 13 
specified by unit vectors n., ву. апа ہوم‎ Note that Py = hy. 
The third rotation 1s about unit vector b, by an amount Ф, the 
voll angle. This final orientation is now aligned with the 
vehicle Бойу unit vectors by, Бу, and bo: Note that о, =p" Thus 
the ordered sequence of Euler angle rotations V, Ө, d, about the 
unit vectors indicated in Figure 1 provides the means оғ 
representating the orientation of the vehicle body with respect 
to the inertial frame. 


The significance of this sequence of rotations is that if 
апу vector is given in terms of one set of unit vectors. it can 
be transformed into any other set of unit vectors using a 
transformation that invoives the sine and cosine c^ the Euler 
angles. Appendix 1 describes the transformations in detail. 
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Start with Хр ту, e 
Rotation i of angle ٢ about і. giving бу, Буз һ„=1„ 
Rotation 2 af angle @ about hy giving Ри» Рузћу» P. 
Rotation 5 af angle ® about 7 giving b x "Py Бу, D. 
End with b, «Bus b. 


Figure 1 Three Consecutive Euler Angle Rotations: V, 8, Ф. 


3. MODELING OF THE TRANSLATIONAL DEGREES ОҒ FREEDOM 











A powerful new approach for modeling the translational 
degrees of freedam is described in this section. Specifically, 
the approach involves solving for the magnitude and direction of 
the force system acting oan the vehicle using attitude 
intormation. In this way an explicit expression for acceleration 


15 obtained in terms of attitude and velocity. This 
substantially improves the accuracy of acceleration estimates. 


Determination of the compiete force system an а flying 
“өнісіз is а difficult task even with a cooperative vehicle. 
Cractical considerations in the tracking scenario suggest that 
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considerable simplifications in force system modeling may be 
required. It will be shown by simulation that the 
simplifications suggested in this paper aid in tracking accuracy 
vet do not require excessive amounts of data about the aircraft 
being tracked. 


The following simplifving assumptions will be made in the 
representation of the force system acting on the flight vehicle. 


i. Thrust generated by the vehicle powerplant exactiy 
cancels aerodynamic drag. Therefore neither thrust or 
drag are modeled. 

2. The pilot of the vehicle performs only coordinated 
turns. Commercial airline pilots fly this way all the 
time because turn coordination means coffee іп а cup 
does not spill. Military pilots tend to fly this way 
to minimize the fatigue of their bodies being thrown 
from side to side. The mathematical result of turn 
coordination is that the resultant uf aerudynamic and 
thrust forces lies in the b, -b, plane. 

2. The atmosphere is stationary with respect to the 
inertial frame. This means that the air flow over the 
aircraft is due entirely to the inertial velocity of 
the vehicle and that the angle of attack ( defined ın 
Appendi: 2 > can be determined from the Euler angles 
and the components of inertial velocity ( see Appendix 
Т). Futhermore, since the aerodynamic lift vector 
15 perpendicular to the wind and lies in the Б -b3 
plane, the direction of the lift vector can be found 
in terms of the Euler angles and the components of 
inertial velocity ( see Appendix 2). 

4, The magnitude of the aerodynamic lift can be 
expressed with the following formulas 


La * 

where A із the atmospheric density, V is vehicle 
airspeed, 5 is wing area, Cia is the vehicle lift curve 
slope, and a is the angle of attack ( defined іп 
Appendix 2 >. 

5. The force of gravity ( weight ) оп the wehicle is 
given by Ма iz where М is vehicle mass and و‎ іс the 
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acceleration of gravity ) 52.2 ft/sec? ). This is the 


flat earth assumption. 


With these assumptions it is possible to compute t^e total force 
vector acting on the vehicle as: 


Е = پل‎ [cosy sina со59 — cos casa cost 1ہ‎ ۱149-9 ہ٢‎ cosa 51791. 
+ iy Csin¥ sina сове – 5114 cosa cos® sin@+cosP cosa singil 
+ 1 {C-sine sin8 — casa cosh cos@]L + Mg ; 


Equations of motion for the three бей ees of freedom ın 
translation сап be derived directly from Newton's Second Law of 
Motion and are presented in Table 1. 


Definitions: 


Vehicle Inertial Velocity: 


ME هه‎ 2 . ~ э. 
v=x i; + y iy +23, 
Vehicle Position: 


sxi жу ig + 2 i- 
Angie of attacks 
SERE = A/ vp 
sing В 
Мр = A а2 + c? 
а = ces® cosWV x + 8وی‎ сіп? y - sina z 
С = (cos® sing сову + sin® sinW) x 


+ (COSY sing sinl — sind cosp) у + caso cos@ 


ме 


Lifts 
any » 
ا‎ = wp x* + у 


= 
“= 


+ 27, сна 
State Vector: 


X= x у 2х У 2 1! 
Equations of Motion: 


x -Lcos' sina соѕ9 — cos¥ cosa COS sin@®-sin¥Y cose ة١‎ 011۹ 
v =Csinf sina cos@ - sin cosa собфФ sin@+cos cosa ہہ‎ × 07 ۹ 
2 = [-s1nq sin8 — cose cos® cos8 JL/M + g 


Table 1 Translational Eauations of Motion 
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4. MODELING OF THE ROTATIONAL. DEGREES ОР FREEDOM 





This section presents a mathematical approach to modeling 
the rotational degrees of freedom. AS with translation, modeling 
the three rotational degrees of freedom requires six differential 
equations. 


Several definitions are required. Angular velocity of the 
vehicle body frame with respect to the inertial frame is defined 
as 

wi = pb. +q B +r by. 
The external moment resultant acting about the vehicie center of 
mass is given by 

M-1 5, + m by *n b, 
where 1 is the rolling moment, m is the pitching moment, апа n is 
the yawing moment. 


The relationship between the angular velocity components р, 
а, and г and the time derivative of the tuier angles are given in 
t6] as 
D= р + а sind tane + г cose tane 
Ө = а cos® - г sino 
V = (а sin® +r cos®)/cose@. 


“~ 


14 we assume that by + b and 5. correspond to principal 


у? 
directions of the vehicle so that products of inertia are zero, 
then Eulers equations of motion [61 for rotation are given by 


ly. р + (1,2 - уу) qr = 1 
ly, ۹ + (Fy, - 1:2) er =m 
جج1‎ r + «уу - Іру) PG = n. 


~ 


Define the sideslip angle 8 ( see Appendix 2 ) as the angle that 
the wind makes with the b,-b, plane. The external moment vector, 
as described in СФ] can be written as 


1 = ky 8 + ко р + ka r + Кд $a * ks êr 
m = ka V. + kz a+ Kg q + ہ۴‎ бе + kig 
күү 8 + Кр R + kjg ٣ + Куд ба + kis čr 


n 


where V. is the component of inertial velocity іп the b, 
direction anc ба’ $e. and 6, are the aileron, rudder and, 


elevator surface deflections. Constants ky ~ Кі are generally 
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known for a specific vehicle or can be computed using methods 
outlined in (61 for fixed wing aircraft and (71 for rotary wing 
aircratt. 


Оп first thought it may seem imperative that all the 
constants Ку - kis be accurately known. However, the tracker has 
no knowledge of the control surface deflections, so Ед» Ке» Ко» 
+14. and kis are useless. Furthermore, in the case where the 
vehicle is violently maneuvering the moments caused Бу the 
control surface motion are large compared to the other moments. 
Thus for the highly maneuvering situation, it may be appropriate 
to set all the constants to zero and compensate for this grass 
but warranted approximation in another way ( e.g. Бу adding 
process noise іс the state estimator ). A further benefit of 
setting the constants to zero is that the rotational equations of 
motion become uncoupled from the translational equ :ions of 
motion. This fact makes it possible ( although not necessarily 
desirable) to estimate vehicle attitude independently of vehicle 
translation. 


5. SIMULTANEOUS ESTIMATION OF ORIENTAYION AND 


TRANSLATION 

















The cornerstone of this paper involves the simultaneous 
estimation of attitude and translation of the vehicle being 
tracked. In this way the estimate of attitude can be used to 
estimate vehicle acceleration and to improve trajectory 
prediction accuracy. Specifically, the method exploits the 
strong correlation between attitude and acceleration. This 
correlation із obvious when one recalls that ап aircraft 
intending to turn will bank its wings. Banking has the effect of 
charging the direction of the lift vector and creating ап 
acceleration to the side that cur ves the trajectory. 
Furthermore, an aircraft that wants to climb will lift up its 
nose to increase the angle of attack. This increases the 
magnitude of the lift vector and the vehicle climbs. It is 
important ta note that the change in attitude occurs before any 
significant curving of the trajectory occurs. Thus using 
attitude measurements provides information about future 


trajectory curvature before radar measurements observe that 
curvature, 
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It has been suggested in the previous section that the 
estimation of vehicle attitude might be performed independently 
of the estimation of vehicle translation. While this appro. ch 
has some benefits, it suffers from one important drawback. Toa 
first approximation the vehicle will point in the direction of 
its velocity vector. Thus the velocity vector can be used to 
derive an approximation to the heading and pitch angles, which 
might be useful in eliminating ambiguities that might be inherent 
in other types of measurements. 


А single glance at tne translational equations of motion in 
Table 1 clearly shows how important the vehicle orientation із in 


modeling translation. This resulted because orientation 
information was used to determine both the magnitude end 
direction of the lift vector. To determine lift magnitude the 


vehicle specific constant С = ^D м2 6 Cig М is required. 
The need to obtain this information may be problematic in some 
tracking scenarios. However, it is believed that even ап 
approximation to its value will greatly improve the estimation of 
ecceleration. 


In summary, all twelve equations of motion in inertial frame 
components are presented in Table 2. Note that process noise 
terms wy - wa have been added to six of the state equations. 
The process noise terms are assumed to be gaussian, white, and 
statistically independent from each other, trom the measurement 
noise, and from the state initial condition. More sophisticated 
process noise models are possible such as colored process noise 
but these require additional state variables. 


The estimator for the state model of Table ے‎ requires 
measurenents of aircraft attitude ( three Euler angles ) апа 
vehicle position ( assumed to be in the form of range R, 
elevation angle 4, and azimuth angle m ). Optional measurements 
might include range rate R, elevation rate 2, and azimuth rate п. 
611 of these measurements are described in Table 2. Note that 
each measurement has a measurement noise term v, - vg added to 
account for measurement uncertaintv. The measurement noise terms 
are assumed to be gaussian, white, and statistically independent 
from each other, from the process noise, and from the state 
initial condition. 
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- 1 І,,) ar + ky 8 + кар + ker + kq wy 1/ I 


22 уу 


хх 
= С “(Тих - Ту) ог + ہا‎ а + kg a + ко w^ J / Ivy 


(Туу 7 Ти) ра + ریا‎ @ + Кур P+ Круг + چس چیا‎ 1 / Iz, 
Ф = р + а sing tane + г cosh tane 
а = а cos® - r sin®d 


$ = (са sing +r casd)/cas® 


sina совӨ – cas¥ cose cos sinO6-sin' cosa  sinOJL/M + via 


sing соза ¬ sinf cosa cosd 51пд+сов! cosa sindiL/M + Ws 


и 


2 = (-вапа 51109 ¬ cosa согф cos@] L/M + а + wa 


x = پر‎ 


у = у 


". 


State Vector: X=Cpqro@¥xyzxvzi 


Angle of attack: 


соза = А/Ур 
sine = С/ур 
l5 ~ 
Yp = N AS + С 
а = cos8 cos? x + cosa sinp y - sine 2 
С = (cos sind cas? + sino sin®) x 
+ (cos® запад sian¥ - sino cosy) У + со5Ф cose 2 
Lifts 


- ^^ 


.. "К: 
L= hp (х2 + у2 + 22) әс, ва 


Table 2 Equations of Motion 
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On = Ф + vi 


8 + v 
Pn = ¥ + vs 
R = Ex? + y2 + 2211/2 + VA 


п = tan 1 (y/x) + ئ۷‎ 


¢ = tan lt-z/ (x2 + у2)ј + va 

ы г. ٦ Ы 2 2 2-1/2‏ ت 

К = [ux + уу + zzl/Ux* + y^ + 2913 + v3 
п = (ку - vx) / (xe + y?) + vg 


4 = (z(xx + yy) - 202 + y?» 1/0 (x2 + y= + 12) میں‎ + ye) د17‎ + Vo 


Table 3 Measurement Equations 


e 


Tables 2 and 3 contain а set of highly nonlinear state 
ec iations and highly nonlinear measurements. The state equations 
are continuous differential equations while the measurements are 
assumed to be available only at discrete equally spaced time 
points. To construct a state estimator for this problem, the 
Continuous-Discrete Extended Kalman Filter described in [8] is 
used. This subcptimal approach to nonlinear estimation has been 
shown to give satisfactory results іп many applications ( e.g. 
tJ 3. 


6. AN EXAMPLE 


This section provides a brief example that illustrates the 
superior performance of the tracker described in this paper. a 
$ix-to-one improvement in tracking accuracy is shown compared to 
a conventional tracker. 


in order to test the hypothesis that modeling and estimating 
the attitude degrees of freedom improves tracking accuracy, a 
simuiation of a T—-38 aircraft performing a Sg turn to the right 


РЕ 


waS conducted. The maneuver is shown in Figure 2 where the 
position of the aircraft is indicated with the aircraft symbol. 
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The outline of the aircraft symbol also gives an indication of 
aircraft roll angle in this top view. Data is presented ina 
Figure 2 at one second intervals although the tracking filters 
were using data at 1/30 second intervals. Aircraft velocity was 
440 feet/secaond ( 268 knots } in an easterly dirextion at the 
start of the maneuver. Halfway between the second and third 
aircraft symbol in Figure 2 the pilot initiates his bankina turn 
to the right. а maximum roll angle of 78 degrees 25 obtained 
between the seventh and eighth symbols in the figure. 


0 


SEE DETAIL А 44 
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Figure 2 Comparison of a Translation  Tracker("o") Versus an 
attitude-Translation Tracker ("x") for a T-38 Performing а og 


Turn. 
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Based upon this simulated maneuver the nine measurements 
show. in Table 2 were computed. sing realistic noise variances 
each oft the measurements was corrupted with gaussian white 


statistically independent noise. 


Two trackers are cumpared in Figure 2. The first. calied 
t^e Translation Tracker was based upon an extended Kalman filter 
wat used only the last six of the equeticns of motson in Table 2 
with L-g-47. This tracker aiso used оп) у the fourth through ninth 
measurements of Table 3. The second tracker, called the 
Attitude-Translation Tre kerll@l, used all equations of Table 7 
end all measurements of Table 5. This tracker also assumed 

زا = К = ka = kg = kig = Ky: = ko = Куу‏ = ہا 
with all other constants known exactly. Both trackers were asked‏ 
to predict the aircraft position one з:гапа into the future based‏ 
0یہ upon the estimate of the current vehic?e motion. The one‏ 


predictions are shown next Єз the actus; aircraft positions. 


Figure 2 shows avery aieportant trend. The Attitude- 
Translation Tracker ("x") with its improved ability to determine 
acceieratiun is considerably more accurate in predicting vehicle 
position than the Translation Tracker ("о"). The maximum 
predicted ssosition error ig 42 feet for the Attitude-Translation 
Tracker versus 250 feet. for the Tracsiation Tracker. It 1s clear 
that the Attitude-Troanslation Tracker provides а  six-to-oane 
improvemer:t. 


7. CONCLUSIONS 





This pacer dovelons а nonlinear tracking Filter that models 
both tne rotational and transiaticnal degrees of frecdom. This 
is accomplished by means of a twelve state extended Kaiman filter 
that uses not only vadar data but aiso measurements of the 
attitude of tha aircraft being tracked. Ву  measicinag and 
estimating attitude it is possible to approximately determine the 
magnitude and direction of the force system acting on the vehicle 
and therefore determine vehicle linear acceleration. Knowl edge 
of acceleration is then used to impruve the estima.e of presert 
and future position of the vehicle being tracked. Simulation of e 
Т-28 aircraft performing a Se turn :adicates that a dramatic 
improvement іп tracking accuracy is possible using this method 
compared 0 conventional trackers. 
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9. АГРЕМОІУ 1: AXES SYSTEMS 


IAM This appenoaix describes the relationships between the 


various reference frames and unit vectors used in this paper. 
~ 


Assume that id іу» i. are inertially fixed unit vectors with پر‎ 
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pointing north, iv pointing east. and i, pointing down. The 
Ж Ку» h.. differ from 
i by the heading angle $ as shown below. Angle لا‎ is а 


As ава frame unit vectors, h 
bs ly? 
rotation about т, = b,. 
582 + ae = 

ix сов” іу sin 
i, sin? * ly сов” 


4 
J? 2: т; 
< х 


% 


N 


A 
9 

hy 

A third set of orthogonal init vectors D. Бу» р. differ from hys 
ћу» h, by the pitch angle 8 as shown below. Angle 8 is a 
rotation about hy = Ру. 


в Px = hy, cosa — hz sin8 
hix Py = ћу 
р; = h, sing + п; cos@ 
hed TA 
Finallv. the fourth set of grtnogonst unit vectors called the 
body frame unit vectors Бу, о, b, differ from pus ру, Pz by Ене 
roll angle Ф as shown below. Roll angle Ф 15 a rotation about Py 
= By 
h 
Аф By = р, 
„А. 3 by = 9, cos® + Б, sinc 
2 he Б. = “Py Sind + Pa 0م‎ 


Using the three groups of equations given above, a vector 
expressed іп any set of unit vectors can be expressed іп any 
other set of unit vectors. 


18. APPENDIX 2: LIFT, ANGLE OF ATTACK, AND ANGLE OF SIDESLIP 


The angles of attack and sideslip serve to orient the wind 
incident on the aircraft with the body frame unit vectors. In 
this paper it has been assumed that the air mass is still, 
therefore the wind is opposite to the inertial velocity. If 
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v= U f, + УВ, + и В, 
then in terms of body frame unit vectors 


У = CU cos® ۔‎ W sin@] 6. 
+ (V cosh + (Ч sine + W cos8) singl b 
+ L-V вапф + (U 5110 + W cos8) cosol b, 
=, В, + V, By + У, bz- 


The angle of atiack а and angle of sideslip 4 are shown below. 





From the above sketch the following relationships can be derived. 
۷ ۷ 


sing = емс کے سے‎ sina = E 
ے‎ {у 2 + ۷ 2 + м 2 AV 2 4 V 2 
جا‎ x y z x 2 


By definition the lift vector lies in the 5,-Б, plane апа is 
perpendicular to the wind vector. The situation is shown below. 


Note that Ур is the projection of v on the b,-b, plane. Thus 


С = L E sina 5, - сова б. 1 


- 
=. 


where L is the magnitude of the lift vector defined іп Section 5. 
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ABSTRACT 


This poper describes the developement and use of the SMARTS system 
(Stuctured Management of Data Acquired and Reduced at the Test Site) 
implemented at ARDC Dover, NJ. SMARTS is a computer-based system designed 
to meet the vast dato reduction and archiving requirements of vorious large 
caliber weapons testing. The system allows the test engineer to tailor 
dota aquisition ond processing to the particular needs of the weapons test. 
Once a particulor test environment has been defined with the system, the 
test engineer тау rapidly acquire test dota, reduce (process) it, ond 
display the dota in grophical form at the teat site. The SMARTS system сап 
support and operate any number of test site locations simultaneously. Ail 
data which is collected from the various test sites is automatically 
archived at a centra! point and con loter be recalted for review or undergo 
further processing at ony time. 


The SMARTS system operates with the cooperotion of two computers and a 
microprocessor which communicate with each other. The two computers used 
ore а РОР 11/34 ond а VAX 11/780 which communicate using  DtCnet 
communications software [i]. Тһе POP 11/24 aiso uses a ТЕСЕ-488 Genera! 
Purpose Interfoce Buss (GPIB) to communicate with an Inte! 8080 
microprocessor both of which are locoted ot the test site. The VAX, 
located ot a remote computing center, serves the 11/34 as оп ouxitiary 
processor ond dota repository. The test engineer controls the system using 
the PDP 11/34 mini-computer whose function is «o control all data flow 
between the computers ond microprocessor. The microprocessor controls a 
specialized set of programmable high-speed analog to digital! converters, 
eoch of which contains up to 64K bytes of memory. Test dato acquired by 
the A/Ds is first stored in A/D memory. The 11/34 transfers the raw dato 
from the A/Ds to the VAX where it is stored on moss-storoge devices. The 
VAX processes the raw dato ond transmits graphical ond tabular data back to 
the 11/34 where it is cutput to the engineer for evaluation. This 
immediate feedbock mechanism allows the engineer to make judgments about 
the experiment on а test-by-test bosis, allowing him to make possible 
modifications or avoid hozordous conditions concerning the test. This 
immediate feedbock method is also cost saving in thot the engineer con atop 
testing os soon as sought-after results ore founc rather thon requiring 6 
large amount of samples be tested in hopes of lo.:r finding the phenomenon. 


The SMARTS system solves mony of the problems encountered in the poat ~hon 
reducirg test dota. Previous methods hove used onalog recorders to capture 
signals where the tapes would then be digitized (at a later dote) and 
processed. This meont the test engineer was not afforded the ability to 
view any processed dato while th» test was being done. The use of the 
SMARTS system allows the enginoer to bypass the use of analog tape (ond 
degrodotion of signals) entirely ond provides him with immediate voluoble 
results of the test. 


PRESENT ASSIGNMENT: Electronics Engineer, U.S. Army Armomant, Munitions onc 
Chemica! Command, ARDC, Dover, NJ. 

DEGREES HELD: B.S.E.E. Virginia Polytechnic Institute ond Stete Univerisity 
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[1] PDP-11, VAX end DECnet are trademarks of Digitol Equipment Corporation. 
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FREFACE 


The design and operatic. of the SMARTS (Structured 
Management of Data Acquisition and Reduction at the Test 
Site) System implemented at the Armament Research and 
Development Center (ARDC! in Dover, NJ, is to acquire and 
reduce test data in а near real-time environment and to 
display processed data at the test site. The SMARTS system 
is designed to allow test engineers to recieve immediate 
feedback of test results while the tests are being 
performed. 


The advantage to the SMARTS system is that the test engineer 
may obtain reduced test data within seconds after test data 
has been acquired. Previous methods of data reduction 
included recording test signals onto analog magnetic tape 
which would later be digitized. The digital data would then 
be reduced using software on a digital computer. This 
method of data reduction is needlessly time-consuming and 
does not allow the test engineer to view the reduced test 
data until well after the test has been completed. 


The SMARTS system has been structured to allow any type of 
дата reduction tc be performed on test data via user 
specific data reduction programs. The type of data 

7 reduction to be performed is selected by the test engineer 

(о at the time of the test along with all the test signals that 
are to ре acquired. Test data is captured with a set of 
high-speed programmable analog-to-digital (A/D) converters 
with up to 64K byte memories each. All data that SMARTS 
acquires is stored on disk files at a central computing 
center where they are archived for future use. 





The design and operation of the SMARTS system at ARDC, 
Dover, Nd, has been designed to handle any type of data 
acquistion requirements in any type of laboratory or test 
environment. 
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CHAPTER 1 


SYSTEM DESIGN AND IMPLEMENTATION 


SMARTS (Structured Management of Data Acquired and Reduced 
at the Test Site) is a general purpose data acquisition and 
processing system designed to acquire vast amounts of 
multi-channel data, process it, and display graphical and 
tabular data at the test site. The system supports any 
number of test sites, each of which can acquire and process 
data independently. Each test site utilizes the processing 
power of a remote computing center which houses all site 
specific software used to process test data. The operation 
of the SMARTS system at ARDC, Dover, NJ, has been designed 
to handle any type of data acquistion requirements in any 


type of laboratory or test environment. 


Data is acquired with a specially designed chassis which 
contains a set of high-speed programmable analog-to-digital 
(A/D) converters controlled by a microprocessor. Data 
acquired from the A/Ds is transmitted by a laboratory 
computer to а central processing site where data from all 
test sites is archived. A larger computer, located at the 
central processing site, is responsible for processing and 
analyzing all test data which is transmitted to it from the 
various test sites. User and test site specific software 
that analyzes each particular set of test data is 
implemented at the central processing site, conserving and 
utilizing computing resources more efficiently. Test 
results are transmittei back to the various test sites 
within seconds where test engineers may review processed 
test data as it is being acquired. 


SMARTS system hardware and software components will be 
described and relationships between components will be 
discussed. Further chapters describe operaticn of the 
SMARTS system at both the test site and at the central 
processing facility. 
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1.1 PROCESSING REQUIREMENTS 


Current data acquisition requirements at ARDC, Dover, 
involve acquiring and processing Pressure vs. Time data of 
various large caliber weapons. Tests involve measuring 
pressure differentials inside gun tubes as they are fired 
using various types of charges. This type of data is very 
transient in nature and can be difficult to capture using 
conventional analog-to-digital converters. Test signals are 
often poor and the test data often contains noise spikes and 
line noise due to testing conditions. In addition, the 
actual data in question may only last a few milliseconds. 
In order to provide suffient resolution for this type of 
transient analysis, sampling rates must be high in order to 
capture sought-after phenomena. 


Conventional methods of capturing such test data involves 
recording the test signals on an analog tape recorder. Once 
all test data has been recorded on analog tape, the tape is 
then digitized (usually at a computer facility) and 
processed into graphical and tabular form. This procedure 
is very time consuming and does not afford the engineer any 
kind of test results as he is performing the test. 
Moreover, test signals are subject to the shortcomings of 
analog tape (i.e. phase shifting, distortion, drop-out, 
etc.) which compound problems of error analysis. The SMARTS 
system bypasses the use of the analog tape recorder аца 
digitizes all test signals directly. Since the system is 
also computer controlled, the test engineer may obtain 
processed test results at the test site while the tests are 
being performed. 


To meet the need for versitile data acquisition, а special 
high-speed programmable A/D converter was developed at ARDC, 
Dover. This special A/D can capture transient data using 
sampling rates up to 500 kHz yielding a resolution of two 
microseconds per sample. Data collected by each A/D is 
saved in а local memory which can hold up to 65,536 data 
samples. This allows test engineers to acquire 
high-resolution data for over 130 mS at the 500 kHz sampling 
rate. The A/Ds can be programmed to acquire data at 
ditferent clock rates and trigger independently or together 
on a wide variety of signal conditions including time-zero 
(тд), threshold voltage, and external clocking. 
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1.2 GENERAL SYSTEM DESIGN 


The SMARTS system consists of three main processing 
components which cooperate with each other in performing the 
tasks of data acquisition, data processing, and data storage 
(see figure 1-1). The three main components are a DEC VAX 
11/780 computer, a DEC PDP 11/34 computer, and an Intel 8080 
microprocessor controlled A/D chassis. The test engineer 
interfaces with the PDP 11/34 which controls all aspects of 
SMARTS system operation. The PDP 11/34 communicates with 
the A/D chassis via ап IEEE-488 communications interface 
(GPIB) and communicates with the VAX 11/780 using а DECnet 
communications interface and software. The PDP 11/34 and 
A/D chassis are located at the test site where the analog 
data is to be acquired. Here the PDP 11/34 controls data 
acquisition via the A/D chassis and controls the data 
transfers to and from the VAX. The VAX is responsible for 
processing the huge amounts of data which are acquired and 
Sending back graphical and tabular data to the PDP 11/34 
where it can be displayed to the test engineer. The VAX is 
also responsible for archiving all data which is acquired by 
all test sites on the SMARTS system. 


| 
| 
| 
| 


——— 






VAX 11/780. 





Test Site 
Location 


Computer Center 
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Figure 1-1 
SMARTS System Functional Components. 
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1.3 DATA ACQUISITION SUBSYSTEM 


The data acquisition subsystem consists of а set of 
programmable high-speed A/Ds, an Intel 8080 microprocessor 
and an IEEE-488 GPIB interface іп a specially built 
self-contained chassis. The chassis holds up to 12 ۶08ھ‎ 
along with the 8080 processor board, tne GPIB interface 
board and power supply. Ап additional four A/D boards may 
be addressed by the SMARTS system to allow up to 16 channels 
of data to be acquired. 


1.3.1 Programmable A/D Design 


Special high-speed programmable A/D boards designed at ARDC, 
Dover, were developed for use in the SMARTS system. Each 
A/D may be programmed to acquire data on a wide variety of 
signal conditions. Test signals may vary +/-5 volts 
peak-to-peak at О volts DC offset. Signals outside this 
voltage range will be clipped at either +5 volts or -5 
volts. 


Each A/D can be programmed to acquire data independently ог 
dependently based on acquisition criteria determined by the 
test engineer. Features for which each A/D сап Ье 
programmed include the following: 


«© Digitization resolution may be set acquire 8- to 
12-bit data. 


® Sampling rates can be 59% as higi as 750 KHz. 


¢ An A/D may trigger on a TO pulse in a normal mode 
or trigger on a TO pulse as а master or slave. 


• An A/D may trigger on a threshold voltage (high ог 
low) and may also trigger this condition as a 
master or slave. 


е Up to 65,556 samples of pretrigger data may be 
saved. 


e Clocking of data into A/D memory may be delayed for 
any period of time once all triggering conditions 
have been met. 


The test engineer has complete control over each A/D in how 
each is to be programmed. These features allow great 
flexibility for a wide variety of data acquisition 
applications. The following sections describe the above 
progranmi . features of the A/Ds in more detail. 
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1.3.1.1 Sampling Resolution шу 


У Each A/D сап be programmed to digitize data using 8-12 bits 

* of resolution. If less than 12 bits are used for 
digitization the A/D is said to be in the short cycling 
mode. The short cycling mode of the A/D affects the maximun 
Sampling rate and the accuracy at which a signal can he 
digitized (see table 1-1). In short cycling modes, the A/D 
сап sample а signal much faster, yielding a higher tine 
resolution but sacrificing the accuracy of the digitized 
value. At 12-bit resolution test signals can be measured to 
within an accuracy of +/-1.22 mV, and at 8-bit resolution 
the accuracy is +/-19.53 mV. 


1.3.1.2 Sampling Rates 


Each A/D can be programmed 50 digitize data using an 


internal or external clock. Internal clock rates are 
determined by dividing down a 2 MHz master clock located on 
each board. Using the internal clock, а maximum sampling 


rate of 500 kHz is possible at 12-bit resoiution and a 
maximum sampling rate of 666 kHz is possible at 8-bit 
resolution. If an external clock is supplied. а maximun 
Sampling rate of 750 KHz is possibile at 6-bit resolution. 


a 


Sampling of data values may also be done on an event basis 
using the external clock input of each A/D. This feature 
allows the A/D to sample and record a process in which 
events occur infrequently or on an irregular basis. 






























, Bits Maximum Sampling Rates Digitizing 
| Resolution Internal Clock External Clock | Accuracy (+/-) 






500 kHz 
500 kHz 
500 kHz 
500 kHz 
666 kHz 


Table 1-1 
A/D Sampling Specifications 
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1.8.1.8 тд Triggering 


Each A/D may be programmed to trigger on a TO pulse which is 
provided to the A/D chassis. Three modes of TO triggering 
may be selected: Master, Slave, Normal. Іп the normal TO 
triggering mode an A/D board will wait for a 70 pulse as 
part of its data acquisition criteria. If the A/D has been 
Set up as а master TO, it will trigger any and all slave TO 
boards which are in the A/D chassis when the master board 
triggers on TO. Any number of A/D boards may be set up іп 
the normal or slave TO triggering mode, but only one board 
nay be set up as a TO master. 


1.3.1.4 Threshold Triggering 


Each A/D may be programmed to trigger on data signal values 
greater or less than a given threshold voltage. Three modes 
of threshold triggering may be selected: Master, Slave, 
Normal. In the normal threshold triggering mode an A/D 
board will wait for its data signal to reach its threshold 
value as part of its data acquisition criteria. If the A/D 
has been set ` as a master threshold trigger. it will 
trigger апу опа all slave threshold triggering A/D boards 

"M when it is triggered on its own threshold value. Any number 

ie о. A/D boards may be set up in the normal threshold 
triggering mode, but only one board may be set ор as a 
threshold master. 


1.3.1.5 Pretriggered Data 


Each A/D пау be programmed to save any amount of 
pretriggered data up to the amount samples allowed to be 
stored in A/D memory (either 16K or 64K). Pretriggered data 
consists of the data immediately prior to the last 
triggering condition set up for that A/D board. This mode 
is often useful when phenomenon prior to a known event needs 
to be studied. 


1.9.1.6 Clock Delay 


Each A/D may be programmed to delay acquiring data for any 
length of time after all triggering conditions have been 
met. This feature allows signals to be acquired at a period 
of time when an event is suspected to occur. 
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1.5.2 A/D Controller Design 


The A/D controller coasists of an Intel 8080 microprocessor 
which has been programmed to control all aspects of each A/D 
within the chassis. The 8080 handles operation requests 
from the host computer (PDP 11/34) via an IEEE-488 General 
Purpose Interface Buss (GPI8). Control commands which can 
be sent to the A/D coutroller are: 


«© Master clear all A/D boards. This resets ail 
boards to a known quiescent state. 


Read the status of a particular board. Status bits‏ ٭ 
which can be decoded are: board present, memory‏ 
size (16K or 64K), memory full and pretrigger count‏ 
error.‏ 


е Setup acquisition parameters for а board. These 
include any of the features for which an A/D board 
can be programmed (see section 1.3.1). 


e Start acquisition. This instructs all boards to 
acguire data according to their last acquisition 
parameters. 


® Read data of a particular board. Апу part of the 
A/D memory may be transfered to the host computer. 


• Reset a particular board to the setup state. This 
resets a board to the conditions specified in their 
last setup acquisition parameters command. 


• Swap mode command for data transfers may be 
specified. This causes each byte of every data 
word to be reversed in order of data transmission. 
This controller command can be а convenience for 
the host computer which recieves the data. 


The SMARTS system uses direct memory access (DMA) for all 
its data transfers over the GPIB. This greatly improves the 
speed of data transmition between A/D memory and the PDP 
11/04. 


1.4 DATA MANAGEMENT SUBSYSTEM 


Тһе data management subsystem consists of а PDP 11/54 
computer with an IEEE-488 GPIB interface to the A/D chassis 
and а DECnet communication interface to a remote VAX 11/780 
computer. It is the job of the 11/34 tc coordinate all 
types of data transfers which take place in the SMARTS 
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system. It is also the computer to which the tes engineer 
controls all aspects of data acquisition and processing. 
Terminals for system operation and graphics output are 
connected to the 11/34 along with disk devices for temporary 
data storage. 


The SMARTS system mey cperate in one of two modes depending 
whether a network link is present to the auxiliary 
processor, the VAX 11/780. If a network connection exists 
between the PDF 11/34 and the VAX 11/780, ali data which is 
acquired is transfered to the VAX where it is processed and 
stored. If a network connection does not exist or has 
failed for 50. е reason the acquired data is stored on disk 
locally on the 11/34. This operation assures the engineer 
that acquired data will not be lost due to network link 
errors. This also allows the engineer to acquire data even 
when the VAX 11/780 is not available for processing. 


1.4.1 Operator Controls 


The test engineer or operator of the SMARTS system controls 
all aspects 0: system operation from a terminal through a 
series of menus. On-line help is provided for each option 
of every menu as an aid for easy operation. Through the use 
of menus the test engineer may specify what kind of testing 
is to be done and how each A/D is to be configured for data 
&oquisition. The engineer may also specify what kind of 
data processing is to be performed whun test data is sent to 
the VAX 11/78C. А11 data processing is performed on the VAX 
1217760 rather than the PDF 11/34 due to the processing 
limitations of the 11/34 and the vast amounts of data which 
must be handled. This design also frees any user dependency 
on the PDP 11/34 since no user specific software is present 
on the computer. Only SMARTS system software is present on 
the 11/84 which allows all test sites which utilize the 
SMARTS System to be identical in operation. 


1.4.2 A/D Communications 


The SMARTS system transmits and receives information and 
data to the A/D chassis through the use of A/D controller 
commands (discussed in section 1.3.2). The test engineer 
controls the setup parameters of euch A/D and acquisition of 
data through the use of high-level operations under menu 
control. The SMARTS system automatically translates these 
high-level operations into one or more controller commands 
which are sent to the A/D chassis. 
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1.4.8 Auxiliary Processor Communications 


The PDP 11/34 controls an auxiliary processur, the МАХ 
11/780, through a DECnet communications link. Through 
instructions by the engineer, the 11/54 directs the VAX in 
what kind of processing is to take place with data which is 
transmitted to it. Тһе 11/34 also directs the VAX to send 
back processed graphical and tabular data to the test site 
where it can be studied by the engineer. 


Because of the distance a test site may be from the central 
computing center, DECnet communications take place over a 
closed circuit cable transmittion system (CCCTS) via the use 
of high-speed modems. Any number of test sites nay 
communicate with the VAX using the cabie system and  DECnet 
network communications links. 


1.5 DATA PROCESSING SUBSYSTEM 


The data processing subsystem consists of a VAX 11/780 with 
a DECnet communications interface and link to the SMARTS 
system on the PDP 11/34. It is the responsibility of the 
VAX tc handle all data processing of each test site and to 
archive the data for future reference. The VAE used at 
ARDC, Dover, also has the cabability to provide high 
resolution graphics suitable fr report quality work. Tre 
SMARTS system uses the VAK in two different operating modes: 


€ as a Slave processing operation over a network link 
to the PDP 11/34 and 


о as a post processing batch operation utilized by 
SMARTS software engineers. 


The slave processing operation mode is utilitized by the 
SMARTS system with control governed by the test engineer. 
The post processing batch operation mode is utilitized by 
SMARTS software engineers at the computer center. 


1.5.1 Network Data Processing 


The network data processing mode of the SMART: system is a 
Slave process to the PDF 11/34 at the test s.te. The test 
engineer selects the type of data processing to be performed 
based on the type of test data which is to be acquired. The 
PDP 11/34 then instructs the VAX to perform the specific 
date processing and optionally to return processed 
information to the test site in the form of plots and 
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tabular data. The VAX also performs the data arcniving 
function of the SMARTS system. All data which is acquired 
is stored or-line for future reference. When on-line 


storage becomes full, the oldest data is removed to digital 
tape where it can be stored indefinitely. All data which is 
archived is identified by date and the test site which it 
came from and also by the type of test which produced the 
data. 


1.5.2 Batch Data Processing 


The batch data processing mode of the SMARTS syster can be 
utilized at any time by software engineers st the central 
computing center. Here, all raw data may be reprocessed at 
any time to produce high-resolution graphical output or 
other information. This operational mode of the SMARTS 
system is designed to allow engineers to re-create and/or 
review test data as it was acquired during the actual test. 
It can also serve to allow engineers to re-process data 
using additional software at a later date to examine 
unexpected phenomenon in the test data. 








CHAPTER 2 
SYSTEM OPERATIONS 


This chapter describes the operational aspects of the SMARTS 
system and how test engineers interface to the system to 
perform necessary data acquisition functions. The operation 
of the SMARTS system has been made as friendly to the test 
engineer as is possible with the use of an A/D setup catalog 
and project congifuration files. The use of these 
high-level components make it very easy for the test 
engineer to quickly acquire data with a minimum of data 
entry from the terminal keyboard. 


2.1 PDP 11/54 OPERATION 


SMARTS system operation is initiated ky the test engineer et 
а renote test site by starting up the SMARTS system software 
package on the PDP 11/34. The system software immediately 
ascertains the status of the SMARTS system hardware and 
displays this information to the test engineer. All 
functional A/D boards which are present in the A/D chassis 
are listed along with the amounts of A/D memory contained on 
each. SMARTS system software creates a network link $2 the 
VAX 11/780 and recieves the current time and date from the 
VAX. Orce the status of the system has been displayed, the 
SMARTS system becomes operational to the test engineer. 
Through the use of menus, the engineer performs operations 
to acquire and process test data. 


The environment which is provided by the SMARTS system to 
allow the test engineer to acquire and process test data is 
aided by the use of an A/D setup catalog and project 
configuration files. These constructs are provided by the 
SMARTS system to allow the test engineer to establish a test 
project within the system and to automatically configure 
each A/D in the A/D chassis with the proper acquisition 
parameters for the test. An operational block diagram of 
the SMARTS system environment is illustrated in figure 2-1. 
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Figure 2-1 
SMARTS Projeot Configuration Environment 


2.1.1 A/D Setup Catalog 


The SMARTS system maintains а catalog of A/D setup p rameter 
files whick descrire а particulary state to which an A/D 


board may be set or programmed (see section 1.8.1). The 
test engineer can create these setup files and store then 
into the A/D setup catalog by means of menu selection. The 


SMARTS system allows the engineer to: 
ә Create and add an A/D setup file to the catalog 
э Delete an A/D setup file from the catalog 


ө List the names of all A/D setup files in the 
catalog 


e Display the contents of a particular A/D setup file 


Each A/D setup file which is created is assigned a name by 
the test engineer and is the mechanism by which the SMARTS 
system identifies a particular set of A/D setup parameters. 
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2.1.2 Project Configuration C 
we 
The SMARTS system maintains а -ist of projects under which 
tests are performed. Each project is given a name assigned 
by the test engineer to represent a particular test 
environment for data acquisition. In this environment he 
test engineer determines how many channels of data are to be 
acquired, how each A/D should be set to acquire the data and 
how the data should be processed by the VAX. This 
information is maintained by the SMARTS system as a set of 
project configuration files. The SMARTS system allows the 
test engineer to: 


e Create a new project and define the test 
environment. ‘Chis includes assigning а name to the 
project. 


e List the names of all projects. 
e Enter a project environment to acquire data. 


e Modify a project environment and optionally save 
this new environment in the project configuration 
files. 


When the test engineer enters a project to acquire data, the _ 
project configuration files are read and the test e 
environment is automaticaly configured for him. Information 

which is maintained in project configuration files includes 
the following: 


e The test епрјпезг 5 name 


e Test specific data such as tube, charge and 
projectile parameters 


€ A/D channel assignments for test signals and the 
associated A/D setup parameter file(s) 


e Functional assignments of the test signals. This 
may include the type of test data being aquired 
such as breech pressure or forward pressure, etc. 


e Processing instructions for data from each A/D 
channel including plotting instructions, if any 


Associated with each project in the SMARTS system is a 
unigue processing program which is used to process tke test 
data. These project-specific processing programs are 
initiated ор the VAX 11/780 by the PDP 11/34 via the DECnet 
network link established by the 11/34. 
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2.1.3 Stand-alone Mode 


All test data which is acquired under a specific project is 
transmitted to the VAX which processes the data using 
project-specific processing programs. If, for some Treason, 
the network link is unavailable, the 11/34 stores the data 
on local disk storage. When this event ocours, the SMARTS 
system is said to be in the stand-alone mode. Data may 
Still be acquired in the stand-alone mode, but immediate 
processing of the data will not be performed. The SMARTS 
system will still generate graphics information for the test 
engineer to review; however, the data which is displayed 
will be the raw A/D data instead of the processed data which 
is returned by the VAX. The SMARTS system can operate in 
the stand-alone mode as long as local disk storage is 
available to store the test data. The standard SMARTS 
hardware configuration allows up to 10 Mbytes of storage to 
be used for data storage in the stand-alone mode. 


Once the network link is reestablished to the VAX the test 
data which has been stored locally ор the PDP 11/54 is 
transfered to the VAX. The project-specific processing 
programs can theu be used in the batch data processing node 
(see section 1.5.2) to produce the final processed test data 
which can be given to the test enginver. 


2.2 VAX 11/780 OPERATION 


When SMARTS system operation is started at a remote test 
site, a DECnet network link is established between the test 
site (PDP 11/34) and the VAX 11/789. When this link is 
established the VAX verifies that the 11/34 is а valid 
SMARTS system test site and allows it access to the VAX 
SMARTS system software. This software allows the SMARTS 
System to create new test site project accounts and process 
project-specific data. Any number of test site accounts may 
be creatad and supported at any time. Each test site may 
acquire data and process it simultaneously without the 
knowledge of other test site operations. 


2.2.1 Test Site Accounts 


The SMARTS system maintains any number of active test site 
accounts on the VAX and provides separate facilities for 
data processing and storage for each account. Each test 
site account may have any number of active projects stored 
on-line for immediate access. Older project escounts are 
M backed up to digital tape with permission of the test 
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engineer involved with the project. Anytime a project is 
activated at a SMARTS test site, a redundant log file is 
created on both the 11/34 and the VAX. This log file 
contains a record of all data transactions which occur in 
regards to data acquisition and processing. The SMARTS 
system uses these files to keep track of acquired data and 
data processing instructions for use by other post 
processing programs. 


2.2.8 Project Specific Analysis 


Each project account under each test site account on the МАХ 
contains the project-specific data processing software which 
is used in association with the test data. This software 
convains the data processing-specific algorithms used to 
process test data. The SMARTS system uses the output of 
these programs to proviie the test engineer with immediate 
feedback of processed results in the form of graphics and 
tabular data. 


Additional processing may also be performed on the VAX to 
provide high-resolution graphics output and high-volume 
tabular data using the resorces on the VAX. Current 
resorces include & high resolution electrostatic plotter, a 
high-resolution laser plotter, and а medium-Speed line 
printer for tabular data. 








CHAPTER 3 


CONCLUSIONS 


The SMARTS system has been designed to provide the test 
engineer with processed results as quickly as possible. 
Data communication speed has been maximized due to the vast 
amounts of raw data that is transfered. High-speed DMA GPIB 
data transfers are utilitized when transtering data from A/D 
memory to the PDP 11/34 and high-speed DECnet network 
transfers are made to transfer data from the 11/54 to the 
VAX. Double buffering techniques are used and asynchronous 
I/O transfers aro utilized whenever possible. 


Ко 3.1 SYSTEM PERFORMANCE 


In a typical test, it takes approximately 5 to 10 seconds to 
transfer one full channel of A/D data (16K), process it and 
produce a graphics plot for the test engineer at the test 
site. This process takes slightly longer when the SMARTS 
system is utilized in the stand-alone mode. 


Post processing which is performed by the VAX to provide 
high-resolution graphics is postponed until all test data 
from a project has been acquired to allow optimal response 
time for the test site. Once a project has been exited for 
the day, all post processing is accomplished in a (network) 
batch mode. In most cases, the test engineer may recieve 
final report quality output by the end of the дау. This 
turn-around time is greatly improved over other methods of 
data acquisition and data processing which could take up to 
а week or more. 
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3.2 EXPANSION CAPABLILITIES 


The SMARTS system has been designed with expansion 
capabilities built into the systen. The system can be 
easily expanded to: 


e Allow test engineers io review old data from a 
specific project 


з Allow one SMARTS test site account access data fron 
other test site accounts 


e Allow test engineers to call for additional data 
processing directly at a later date 


Many other capablities are possible with the use of the VAX, 
SMARTS system software, and a little imagination. 
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ABSTRACT 


The U.S. Army is currently investigating 
regenerative injection concepts in its liquid propellant gun 
technology program. In this concept, a differential area, 
regenerative piston is used to pump a liquid propellant into the 
combustion chamber. The present design utilizes an annular 
regenerative piston. The piston, which is the subject of this 
finite-element analysis, presents complex design challenges. 
The piston must withstand the large pressures encountered in the 
combustion chamber and the high accelerations due to these 
pressures. Since seals act along the pistonts surfaces, any 
deformation may result in a loss of ргеззиге or failure. The 
piston resembles a thin shell that is bounded by a grease column 
and the supporting chamber wall on the outside, and liquid 
pressure on the inside. The piston accelerates rearward as 
a result of the unbalanced force due to the diff rential area of 
the piston. It is slowed down by a damping tap: ^ on the center 
rod which gradualiy reduces the injection area available for 
propellant flow. The rear of the piston is exposed to 
atmospheric pressure. 


This analysis employs the SAAS-II Finite Element Computer 
Program. The program features automatic mesh generation, multiple 
material selection, and a bilinear, elastic~plastic, stress-strain 
curve approximation. Gun pressures and piston acceleration were 
determined directly from pressure-time records obtained during 
test firings and from initial ballistic simulations. Тре objective 
of this analysis is to determine if the present annular piston is 
Suitable for high performance firings where the chamber pressure 
may be as high as 700 MPA. Brier explanations of the operation of 
the regenerative gun, methods used in the finite element analy- 
313, and the results are provided. 
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"Finite -Element Analysis of an Annular, 
Regenerative Piston" 
Cris А. Watson 
U.S.Army Ballistic Research Laboratory, 
Aberdeen Proving Ground,MD 21005-5066 


INTRODUCTION 


General Electric Orinance Systems Division (GEOSD) at 
Pittsfield, MA, under contract to the BRL, has designed and fabri- 
cated а 30-mm regenerative liquid propellant gun (RLPG) system. 
The fixture was installed at BRL in July of 1984. The fixture is 
now being used to evaluate liquid nmonopropeliants and study 
various features of the RLPG cycle. 


To obtain a set of structural and performance limits for 
the 30-пш RLPG , a finite element analysis was undertaken on the 
most highly stressed componet of the fixture, the annular piston. 
The piston is a thin-walled, annular cylinder. Initial and boun- 
dary conditions for the finite-element analysis were obtained from 
both pressure and piston travel records taken during actual 
firings and interior ballistio simulations. 


The information obtained from the analysis will be used 
to determine if this 30-шп RLPG сап бе used in high pressure 
liquid propellant gun firings. Chamber pressures may be as high 
as 700 MPa which, because of the differential area piston, may 
produce up to 1600 MPa in the liquid reservoir. 


REGENERATIVE GUN PROPULSION 


Most studies of liquid gun propvlsicn technology have 
been directed toward the bulk-loaded approach. While the bulk- 
loaded approach is simpler mechanically, the regenerative 
technique offers greater control over the ballistic cycle 


The regenerative cycle utilizes a differential area 
pistoa to pump propellants into a combustion chamber, Figure 1 
illustrates a simple regenerative piston that was extensively 
studied at GEOSD. The propellant burns in the combustion cnamber, 
sustaining the pressure which drives the piston. While the simple 
System shown in Figure 1 is adequate for performing various 
parametric tests, it is not acceptable for practical systems. 
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FIGURE 2. Annular Piston RLPG 
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Рог practical systems, methocs must be provided for 

rapid projectile, propellant,and igniter loading; confinement of 

"x the liquid propellant to the reservoir prior to ignition; 

possibly prepressurization of the liquid propellant to reduce the 

risk of ignition from adiabatic compression of bubbles in the 

liquid propellant; and a capability for variable charge loading 

in the case of artillery applications. One approach for 

Satisfying these requirements is a configuration which uses an 
annular piston similar to that shown in Figure 2. 


The 30-mm RLPG at the BRL test facility uses an 
annular piston to inject a monopropellant into the chamber. The 
propellant enters the combustion chamber as an annular sheet, 
where it breaks up into droplets ar? burns. The injection is 

controlled by tapers on the central rod . The constant diameter 
portion of tbe rod controls the maximum pressure . The charge 
length may be varied by changing the length of the constant 
diameter section. 


The RLPG cycle starts with the transducer block 
forward, resting against the rear of the piston. The piston is 
supported by a spacer in the forward part of the combustion 
chamber. As the fill cycle begins, propellant is forced through a 
eheck valve in the rod and enters the liquid propellant 
reservoir. Ullage is removed through a port in the transducer 
block. Pressure in the reservoir forces the transducer blocek back 

D: untii ii encounters a Stopping cono on the rod. The system is 
“ prepressurized to 7 MPa te reduce the chance of ignition due to 
Ў adiabatic compression of residual ullage. The fixture is then 
ready to fire. A solid propellant igniter is used to initiate 
the cycle. AS pressure in the combustion chamber increases due to 
the igniter, the piston moves back, generating a gap between the 
piston and the rod. Propellant enters the combustion chamber 
through this gap, where it breaks up and begins to burn. The 
forward taper of the rod controls the start-up of the cycle. The 
System approaches a steady state condition as the pressure 
generated by the burning propellant forces the piston rearward 
through the constant diameter section of the rod. As the piston 
encounters the rear taper, the injection area decreases causing 
the liquid pressure to increase, which in turn decelerates the 
piston. The piston stops when it contacts the face of the 
transducer block, ending the RLPG cycle. 


STRESS ANALYSIS PROCEDURE 


Stress data was generated using the SAAS II finite 
element computer code ‚ Input parameters were generated by 
scaling firing data taken from the 30-mm RLPG, see Table 1. 


1. 5.6. Sawyer, "BRLESC Finite Element Program for Axisymmetric 
Plane Strain, and Plane Stress, Orthotropic Solids with 
Temperature-Dependent Material Properties", BRL Report #1539, 
Ballistic Research Laboratory, Aberdeen Proving Ground, MD March 
1971 (AD 727702) 
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The scaled firing data represents pressures which would be 
encountered in higher pressure operating regimes. A quasi- D 
static, steady-state linear analysis was adequate for this 4,7 
problem because the fundamental frequency of mechanical 
vibration of the piston is an order of magnitude higher tian the 
pressure pulse. Figure 3 shows the static load placement and 
boundary conditions. 
The piston was manufactured using 13-8 precipitation- 
hardened stainless steel hardened to a Rockwell С-зса1е cf 38-42. 
A summary or the properties of the 13-8 stainless steel used for 
the 30-mm annular piston are given in Table 2. 
Table 1. Loads Used in the Stress Analysis Calculations 
Stress Combusion Chamber Liquid Reservoir Grease 
Analysis # Pressure (MPa) Pressure (MPa) Pressure (MPa) 
1 413 578 462 
2 482 675 539 
3 551 771 617 
Ц 620 868 694 
5 689 G64 771 с 
6 558 781 624 
SEALS PRESSURE 
FIGURE3. Static Pressure Loads and Boundary Conditions = 
Nh 
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Table 2. Material Properties of the Annular Piston 
ane 13-8 PH Stainless Steel 2 


Modulus of Elasticity = 205.8 GPa (2.94 x 107 psi) 


Poisson's Ratio = .28 


Shear Modulus 79.9 GPa (1.16 x 107 psi) 


Yield Stress 1240 MPa (1.80 x 10° psi) 


RESULTS 


The maximum effective stresses (von Mises criterion) in 
the piston are plotted in Figure 4. This plot represents the 
computed maximum effective stresses for six analyses using the 
scaled pressure data from Table 1. Figure 4 shows that the 
maximum effective stress exceeds the yield stress, 1240 Ра, 
when the chamber pressure exceeds 558 MPa . 
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Figure 4, Maximum Effective Stress vs Chamber Pressure 
2. Republic Steel Corp., "Precipitation Hardenable Stainless 


Steels, PH 13-8 Мо, 15-5 PH, РН 15-7 Mo, 17-4 PH, 17-7 РН", 1975. 
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Figures 5-11 shows effective, radial, axial, and hoop 
stress contours plotted graphically along the length of the 
piston. Figures 12 and 13 shows the undeformed and the deformed 
grid under 558 MPa chamber pressure, 781 MPa liquid reservoir 
pressure, and 624 MPa grease pressure. The piston fails at the 
thin walled section between the piston head and the seal 
location, Failure in this location results in increased clearance 
between seal and piston and promotes leakage. 
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Figure 5. Effective Stress Contours at 558 MPa Chamber Pressure 
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Figure 6. Radial Tension Stress Contours at 558 MPa Chamber 
Pressure 
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Radial Compression Stress Contours at 558 MPa Chamber 
Pressure 


Figure T. 
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~ure 8. Axial Tension Stress Contours at 558 MPa Chamber 
Pressure 
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Figure 9. Axial Compression Stress Contours at 558 MPa Chamber 
= Pressure 
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Figure 10. Hoop Tension Stress Contours at 558 MPa Chamber 
Pressure 
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Figure 11. Hoop Compression Stress Contours at 558 MPa Chamber 
Pressure 
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Figure 12. Undeformed Grid 272, 
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Figure 13. Deformed Grid (Enlarged) 


e CONCLUSION 

Xe 

Results from the stress analyses show that the thine 

walled section of the piston will undergo permanent deformation 

when the chamber pressure exceeds 558 MPa. This is due to the 

grease pressure being lower than the liquid pressure. The present 

piston, which was designed for lower operating pressures (350 

MPa ), is not suitable for a gun system where the chamber 

pressure will exceed 558 MPa, and whereunbalanced pressures 

exist across the thin-walled section. The piston must be 

strengthened to withstand the higher effective stress levels at 

higher operating pressures, and should also be re-designed to 
reduce unbalanced pressures across the thin-walled section. 
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ABSTRACT: 


New Army requirements for lighter, more powerful guns for next 
generation lightweight helicopters and air defense systems will force gun 
designers to apply more sophisticated theoretical and experimental methods 
to developmental guns. This paper will describe an experimental technique, 
photoelasticity, to measure full field strain patterns that can assist 
in designing lighter guns. The gun straiu patterns сап be measured 
during individual component static loading or, by using high-speed 
photography, during gun firing. 


A brief introduction inro photoelasticity is provided in this 
paper, describing the theoretical basis for the technique, the instrument 
used to measure strain patterns, and recent advances in photoelastic 
coatings that have made their application to guns more realistic. 

An initial siudy of gun components to determine principle strain 
S directions is described. Results of statically loading the gun components 
و‎ is discussed and an example of the strain pattern obtained statically 
is shown. 


Finally, results of full field strain measurements during firing 
of the XM230, 30mm gun are reported. The photoelastic coating of the 
XM230 that was used during these tests is described. Findings on photo- 
graphic frame rates, coating thickness and other pertinent parameters 
required for strain measurement during gun firing is reported. 
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PHOTOELASTICITY APPLIED TO CUN COMPONENTS 


ROBERT J. RADKIEWICZ 
*ROBERT A. PETERSON 
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FIRE CONTROL AND SMALL CALIBER WEAPON SYSTEMS LABORATORY 
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1. INTRODUCTION 


Recent results obtained from applying photoelasticity to the 
measurement of strains in the XM230, 30mm chain i reported in this 
paper. Photoelasticity is a technique for measuring full field plane strain 
patterns of a material and provides significant advantages over classical 


silaiıı weasurements using strain gagcs. 
в вав 


Typical uses for photoelasticity include: (а) identification 
of high stress areas or no stress areas in components; (b) design of new 
system Components; (c) reduction of weight of designed systems; (d) confir- 
mation of math model results. 


This paper provides a brief overview of the photoelastic 
technique, an explanation of the gun selected for this study, the total 
program plan for this study, and finally, the results achieved to date. 


2. THEORETICAL BACKGROUND 


The physical phenomena behind photoelasticity is the change in 
the refractive index of a transparent material when subjected to stress. 
With no stress applied, the material is homogeneous. However, when a 
stress is applied, the optical properties of the material change, causing 
the index of refraction to vary along the lines of principal stress. This 
property is taken advantage of by shining polarized light through the 
stressed translucent material and viewing the light through another 
polarizer (typically called the analyzer). This configuration is called 
a plane polariscope. ھ‎ circular polariscope is shown in figure 1. This 
is easily canverted to the plane polariscope by removal of two quarterwave 
filters shown in the light transmission path. 


® trade Mark, Hughes Helicopter, Inc. 
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CIRCULAR POLARISCOPE 
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FIGURE 1 


With no stress applied to the photoelastic material and the 
analyzer axis aligned at 90 со the polarizer, no light is transmitted 
through the analyzer. As siress is applied interference fringes, called 
isoclinic lines which are parallel with the direction of the analyzer, can 
be seen on the material through the analyzer. By rotating the analyzer axes, 
a map of isoclinic lines for the material can be generated. The direction 
of principal strain may be plotted from the isoclinics by drawing lines 
through rhe iscclinics at the same angle as the isoclinic occurred on the 
analyzer and connecting these lines from isoclinic to isoclinic. 


The magnitude of the principal strains can be measured by inserting 
quarterwave plates in the light path cf the plane polariscope, producing 
circularly polarized light. The principal of this circular polariscope, 
shown in figure را‎ is the change in transmission velocity of the components 
of white light through the stressed photoelastic material. Looking through 
the analyzer, colored interference fringes are seen on the material and 
vary proportionally to the stress applied to the material. The equations 
describing this phenomena are straight forward and are :overed in detail in 
reference 1, By applying a known stress and strain to - simply shaped 
section of photoelastic material, calibration of the colored fringes in terms 
of plane strain can easily be made. 


What has been described above is a transmission polariscope, and 
is used for proposed designs of components. These components are made from 
the photoelastic material and the plane strains are measured. 


3. APPLICATION ON THE XM230 GUN 
For systems already built, such as che gun used in this experiment, 


a reflection polariscope is used. The photoelastic material is applied to the 
gun components with a reflective glue. The polarized light, either planar 
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or circular, is then reflected from the surface of che component being 
measured and through the analyzer which is located next ot the polarizer. 


Photoelastic material must be applied to components being measured 
so that strains are exactly transmitted from the component under stress 
to the photoelastic material. Commercially available kits have been 
successfully used to apply both the coating and reflective glue. The 
material 1$ initially mixed in a liquid state and poured in a leveled form 
to a uniform thickness. When the material solidifies to a pliable state, 
it is fitted exactly to the сотра its to be measured and allowed to harden 
on the components. The photoelastic material is then trimmed and giued 
to the components. 


The commercial coatings available today provide significant 
improvements over previous material. It is not as susceptible to aging 
and humidity, allowing coating to remain on components for months without 
degradation, and tests can be repeated or modified since this coating is 
not destroyed during testing as many other types ot coatings are. 


The techniques of photoelasticity are being applied to gun 
components because they offer a method of refining gun design methods 
and reducing gun component weights. The XM230, 30mm gun, presentiy used 
on the Apache helicopter, was chosen for this program since is is a 
candidate weapon for the LHX helicopter; the next generation of Army 
lightweight helicopters. This gun, in its present configuration, weighs 
121 lbs (figure 2). Firing rate of the gun is 625 spm, and it is required 
to be able to fire a maximum 900 round burst. This iatter requirement led 
to the design of the barrel primarily using heat sink considerations rather 
than stiffness considerations. 





FIGURE 2: XM230, 30MM GUN ON HARD MOUNT 
11-4 
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Since the LHX will he approximately half the gioss weight of the 
Apache, the number of rounds it can carry wili be limited to significantly 
less than the Apache, and burst length requirements will be nearly an order 
of magnitude less than for the Apache. Conventional design of a new barrel, 
based primarily on stiffness, will produce considerable weight savings for 
a new lightweight XM230. This program, therefore, concentrated its study 
on the remainder of the XM230 gun. 


The procedure for this program was to examine the Х№230 gun 
mechanism for candidates for weight reduction. Photoelastic coating was 
then applied to these components to determine areas of low stress. These 
areas are now being analyzed in further detail and, where easily possible, 
parts will be redesigned cr material will be removed. After weight reductioo 
of components, photoelastic coating will again be applied to the gun and 
measurements will be repeated to assure that unexpected high stress areas 
are not generated in any of the modified gun components. 


^s mentioned above, the XM230 was analyzed without the barrel. 
Weight of the XM230 receiver and feeder used in this program is 85.75 lbs. 
Initiai analysis of the gun indicates a possible weight reduction of 
11 lbs or 13%. Based on this analysis, photoelastic coating was applied 
to four gun components. Two external components and two internal components 
were chosen because they would be mosi significant in total weight reduction. 
А The table below lists the parts coated: 
(o 
TABLE 1 


Gun Parts Coated with Fhotoelastic Coating 


l. Receiver External 
2. Teeder Housing External 
3. Feeder Sprocket Internal 
4, Rear Round Guide Internal 


The gun receiver, of course, was the largest component analyzed. 
Three separate mixes of photoelastic material were used to cover the areas 
of interest. A map of these three coatings on the receiver of the XM230 
is shown in figure 3. А calibration strip was inciuded in the pouring 
for each individual section to insure uniformity of the coating, and this 
was confirmed, Calibration constants for the three separate coatings 
varied by less than 4 percent. The actual pbhotoelastic coating on the 
receiver of the XM230 gun is showr in figure 4. (Figs. 3 & 4 on following pg.) 


The thickness of the coating used on the gun parts was from 
0.080 inches to 0.100 inches. This thickness is necessary because of the 
low strain levels typical in gun components due to design safety consider- 
ations. The sensitivity of the coating is proportional to its thickness 
MM and for this program provided a sensitivity oí 150046 to 115046 per fringe. 
` To accurately measure strain magnitudes by matching dominate isochromatic 
fringe colors for analysis of photographs or film, a minimum of 0.6 fringes 
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FIGURE 4: COATING APPLIED TO THE XM230 GUN C 
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must be seen through the analyzer. This indicated a т: imum of 700 ME 
bad to be presenc іп the components measured. Тһе stri directions could 
be measured for much lower levels of excitation, since the isoclinic iines 
were visible at lower strain excitations. 


The thickness of the photoelastic coating, however, does provide 
a trade-off in frequancy resporse of the material. Wave propagation across 
the coating is directly proportional to the coating thickness. Therefore, 
tbe frequency response of the coating is inversely proportional to twice 
the thickness when using a reflective polariscope. With a coating thickness 
of 0.1 inch, frequency response is on the order of 40 KHz. This was 
considered adequate since the maximum peak pressure of a round of ammunition 
was achieved over 1 msec. Therefore, it is expected this coating would 
accurately transmit all peak strains during gun firing. 


4. STATIC TESTING 


Testing of gun components was performed both statically and 
dynamically. The internal gun components could, of course, only be tested 
statically sirce they could not be viewed during gun operation by the 
polariscope. Also, strains in the external components, the receiver and 
the feeder housing, were viewed with static loading of the gun at the 
approximate stall torque of the gun drive motor. 


A vertical shaft that connected to the drive strain of the gun 
TEN was loaded with a torque wrench to 88.8 in-lbs. At the same time, the 
Ме feeder sprocket was restrained from moving, simulating а feed system jam. 


The polariscope was then used to view the strain patterns in the receiver 
and feeder housing. The set-up of the polariscope viewing the feeder housing 
is shown in figure 5. 





FIGURE 5: POLARISCOPE VIEWING XM230 FEEDER HOUSING 
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No significant strain levels were recorded during this testing, 
indicating system design was either primarily based on gun firing loads, 
or was very conservative. 


The two gun internal components examined were removed from the 
gun for testing and fixtures were designed to apply static loads to these 
components. Only testing of the feeder sprocket will be described here. 
The feeder sprocket is used in the XM230 gin to accept rounds from a feeder 
transfer housing and hand them off to an indexing sprocket for the bolt 
carrier. Only one round at a time is handled by the feeder sprocket and 
it is constant rotation during operation ot the gun motor. Figure 6 shows 
one set of the fingers of the feeder sprocket used for handliag the rounds. 
Photoelastic coating can be seen on one of the fingers of the sprocket. 





FIGURE 6: FEEDER SPROCKET COATING 


A fixture was designed to apply the equivalent of 457 in-lbs 
of torque to a simulated round sitting in the feeder sprocket finger. 
Isoclinic lines with this load applied were plotted. The isostatic strain 
lines for compression and tension were then plotted and are shown in 
figures 7 and 8 on the followi g page. 
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FEEDER SPROCKET ISOSTATIC LINES 
(COMPRESSION) 





FIGURE 7: PRINCIPAL STRAIN IN COMPRESSION‏ جا 


FEEDER SPROCKET ISOSTATIC LINES 
(TENSION) 
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FIGURE 8: PRINCIPAL STRAIN IN TENSION 
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The point of load application can be sean in figure 7 as slightly to 
the right of the safety wire holes in the feeder sprocket finger and in 
the curved section where the round fits in the finger. The maximum 
strain occurred at the sprocket shaft almost directly to the right of 
the lower safety wire hole where the compression lines in figure 7 
concentrate. The maximum strain measured at that point was 1080 ДЕ . 


Data obtained during this testing will now be compared to a 
finite element analysis of gun components. The math model will provide 
both magnitude and direction of component principal strains. Measurements 
taken to date are being used to emphasize areas of modeling concentration 
and to define grid size areas. Results of this effcrt are not yet available. 


From the initial static results, however, areas of weight 
saving are being identified. For instance, the feeder sprocket fingers 
have no appreciable strain levels in theix central region and it is 
reasonable to remove material from this area with one or more holes. The 
size and shape of the weight reduction holes will be determined upon 
completion of the math model. These hoies wili then be inserted in the 
feeder sprocket and strain measurements will be repeated to insure no 
unexpected stress concentrations arise, 


5. DYNAMIC TESTING 


Dynamic testing of tiie XM230 gun is being performed by taking 
high speed photographs of the photoelastic coating during gun firing. A 
test set-up with a high speed camera viewing the top of the receiver 
through the analyzer of the polariscope is shown in figure 9 on the following 
page. 


This set-up only allowed camera speeds of 500 frames/sec due 
to the limited light level provided by the polariscope. With a modified 
light fixture, rates have been increased to 1000 frames/sec. A totally 
new light fixture is being designed that will allow rates of 2000 frames/sec 
to be shot in the near future. 


At most, three round bursts have been used during photography 
to insure that heating of the gun does not affect the measurements. 
During firing a maximum of 3 to ^ pictures of measurable strain are seen 
in the receiver during the round pressure pulse. A maximum strain level 
of 1060 ЖЕ was measured along the left hand side of the receiver and 
transmission of the load along the receiver can be seen. Results, however, 
are not consistent from round to round sinc? camera speed has not been 
high enough. It is expected this problem will be resolved as camera speed 
is increased to 2000 frames/sec. 


The initial high speed photographs, however, have confirmed 
expected loading paths for the receiver and identified the areas of highest 
and lowest strain. Measurements at higher camera speeds will be taken before 
any weight reductior is started on the receiver. 
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FIGURE 9: HIGH SPEED CAMERA WITH POLARISCOPE 


6. SUMMARY 


The program to date has shown that photoelasticity is a viable 
tool for measuring strains in gun components, both statically and dynamically. 
A chief advantage of this technique is that it provides the full field 
strain pattern so that actual loading paths and stress concentrations can 
be quickly and easily identified. Used in conjunction with a finite 
element model of components, it can quickly verify the model and lead to 
suggested areas of weight savings. It is expected that weight savings 
suggested by the measurements on the XM230 will be implemented on selected 
gun components and confirmatory measurements on the modified components 
will be completed by the end of 1985. 
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ABSTRACT: 


At the Third U.S. Army Symposium on Gun Dynamics, a technique was 
reported which showed potential for the analysis of in-bore projectile 
motion. Since that time, the analytical techniques have been fully developed 
and have been used extensively as both research and engineering tools in the 
assessment of projectile behavior. 


In this paper, we present the results of a series of experiments 
involving 37-mm projectiles. A complete description of the instrumentation 
and test fixture is given, as well as a detailed description of the analysis 
algorithms. Examples of balloting and non-balloting projectiles are given, 
and techniques for extracting such information as spin and yaw are 
discussed. Examples of anomalous in-bore ђе iavior are presented to illustrate 
the investigative capabilities of the techniques. 
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IN-BORE PROJECTILE MOTION IN А 37-mm WEAPON SYSTEM 


SUSAN A COATES* 
JAMES N. WALBERT, Ph.D. 
U.S. Army Ballistic Research Laboratory 
Aberdeen Proving Ground, Maryland 21005-5066 


1, Introduction 


The importance of measuring the in-bore and launch motion of projectiles 
has long been recognized as being vital to the analysis of weapon performance 
and design. Historically, there have been numerous types of instrumentation 
and analysis techniques used to monitor in-bore projectile wotion, with 
varying degrees of success. The two most frequently used methods are optical 
and microwave interferometry. Each method has its own particular problems, 
тапу of which arc due to the presence of precursor shock and ionized gases. 
Optical techníques generally require modification of the projectile iu order 
to provide a precision reflective surface. This is generally undesirable, not 
only from cost considerations, but also in view of the desire to conduct 
experiments under the most realistic ballistic conditions possible. While 
projectile modification may enhance the data taken from microwave radar, it is 
not necessary. Thus, if radar caa be used, it allows study of projectile 
motion under realistic conditions. 


It is the “if” of the previous sentence which this paper will address. 
There are two methods of analyzing a radar doppler signal: frequency analysis 
and wavelength analysis. Specifically, each cycle in the doppler corresponds 
to a target travel of a radial distance of one-half the transmitted 
wavelength. The wavelength analysis method thus provides a direct measure of 
the travel of a particular scattering surface on the projectile. Frequency 
analysis, on the other hand, determines velocity, utilizing the fundamental 
relationship 


CF 
IR. а) 
21. Е 


where р is the projectile velocity with respect to the radar (radial 
velocity), С is the velocity of light in the transmission medium, Е is the 
doppler frequency, and f, is the microwave transmission frequency. Reference 
1 provides a complete derivation of this result, as well as a detailed 
discussion of its application to free-flight projectile motion analysis. 
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Under conditions of low acceleration, (i.e. slowly varying velocity) both 
methods work very well, although the wavelength analysis is somewhat tedious 
and may in fact reveal less information [1]. Eq. (1) is valid only if С, Е, 
aud f, remain constant during the period of observation. For this reason, 
frequency analysis techniques have not been applied to in-bore doppler data, 
where high accelerations violate the assumptions of eq. (1). In this paper, 
techniques are presented which allow frequency analysis in this in-bore 
region. It is shown, moreover, that much new and valuable information about 
the in-bore motion can be determined in this manner. 


2. Algorithms for Frequency Analysis 


From a mathematical viewpoint, there are two problems with in-bore 
doppler data. First, the event timespan is too short, and second, the desired 
frequency resolution is too low. Those readers familiar with Fourier analysis 
realize that these two problems are really two aspects of the same 
limitation: frequency resolution increases with observation time, for a fixed 
data bandwidth. For example, if there are 20 data pcints available covering а 
bandwidth of 100 Hertz, then the Fourier spectrum will contain 10 points. 

This implies that two frequencies in the data must be separated by at least 20 
Hertz to be distinguished from one another. If, on the other hand, the event 
is observed for twice as long, resulting in 40 data points, the resulting 
spectrum can distinguish frequencies separated by at least 10 Hertz. 


For analysis of stationary time series, that is, ones with little or no 
variation in frequency content, there are several options available for 
increasing the frequency resolution. The simplest of those is to observe the 
event for a longer time period. The assumption that the frequency content is 
stationary ensures that longer observation times will not result in a smearing 
of the Fourier spectrum. In the interior ballistic regime, the doppler signal 
from a moving projectile is highly nonstationary; longer observation time is 
not possible. The usual technique for analyzing the frequency content of 
nonstationary time series is to divide the series intc parts, or windows, 
during each of which the series is more nearly stationary. Of course, since 
each of these windows is of shorter time duration than the entire series, the 
corresponding frequency resolution is not as good. 


The first method to be presented for increasing spectral resolution is 
the well-known zero-fill (2F) technique. Implementation of ZF can be 
accomplished quite simply. One decides how long a data segment would be 
necessary for the desired resolution. Let КІ, denote this value. The actual 
data segment of length L is then expanded to include K-L zeros, at the 
beginning or the end of the original segment. One could also append (K-L)/2 
zeros to each end of the original data segmeut, When the ZF technique is 
used, the spectral window should be applied to the original data segment, not 
to the zero-filled one. In this way, the position of the zeros has no effect 
on the resulting spectrum. 
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The second technique for increased Fourier resolution will be termed the 
periodic continuation (PC) method. This is a modification of a technique used 
in some electronic frequency analyzers for so-called transient analysis [2]. 

In this method, the transient is captured in the memory of the analyzer and is 
then artifically repeated in memory a prescribed number of times. The 
result... time series is transformed as though the transient event had 
occurred periodically. There are some important caveats to be noted 
concerning this method. If the original transient record does not begin and 
end at the zero level, the repetition introduces jump discontinuities. These 
may result in the introduction of low frequency content into the data, as well 
as causing leakage into side lobes of true spectra] peaks. For the true 
transient, this generally poses no problem, since the event is of such short 
duration that it is analyzed in its entirety. Moreover, the transient is 
generally windowed in the frequency analyzer prior to being repeated, further 
reducing the problem. 


3. Detailed Application Examples 


There are two purposes for this section. The first is to demonstrate the 
utility of the algorithms developed in the previous section. The second 
purpose is perhaps the most important one: to indicate the techniques of 
radar data analysis. In the course of reviewing these examples, the reader 
will note the necessity of having a number of interactive computer routines 
fer plotting, filtering, and other processes to aid in the interpretation of 


the results The success of the aleorithms in the analveis nroceass depende 
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heavily on the judgement and experience of the analyst. For this reason, none 
of the procedures described in this section should be considered аз routine, 
nor should the examples presented be considered to be exhaustive of all 
possibilities. 


The first example is intended to show the motivation for development of 
the algorithms. Figure | shows 2 plot of the doppler signal (direct 
recording) from the in~bore and very early free flight of a 37-mm 
projectile. Figure 2 shows the waterfall plot of the Fourier spectra computed 
from adjacent, nonoverlapping data segments of 1024 points each. No attempt 
has been made to enhance the frequency resolution of these spectra. The 
amount of information provided by this plot is clearly minimal; 16 data points 
is not a sufficient number to provide good definition of the trajectory. 


More data points are obtained by overlapping the segments to be 
transformed. Figure 3 shows a waterfall spectrum plot of the same data, again 
using 1024-point transforms but overlapping them so that each transform is 
computed from the last 768 points of the previous transformed segment and the 
next 256 points of raw data. In this way, several features of the trajectory 
are discernable. One notes the apparent frequency shift at muzzle exit, 
marking the transition from waveguide to free space wavelength. Also visible 
is the doppler return from the ionized gases at muzzle exit, seen as the 
irregular peaks to the left of the projectile return. A great deal of 
irregularity in the progression of spectral peaks is noted, demonstrating the 
need for additional analysis. The most important feature of this plot, 
though, is the fact that in numerous instances, there is no change in the 
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ae location of the spectral peak frow one spectrum to the next. This is not an 
indication that the projectile velocity remained constant over the 
corresponding time intervai, but rather that the velocity change was too small 
to be detected by the resolution of the transform. Using a higher-order 
overlap will provide no additional information about the trajectory unless the 
frequency resolution of the transform is also increased. 


Figure 4 shows the waterfall plot of the same data with the same overlap 
(4), but with frequeacy resolution increased by a factor of 16 via the ZF 
method. That is, 15360 zeros are appended to each 1024-point data segment 
prior to transforming. The resolution is now sufficient to show smooth 
transition of the spectral peaks, and good definition of the transition to 
free-space wavelength. The most striking feature of the plot is the 
appearance of a second set of peaks just to the left of the main return. In 
order to view these peaks better, Figure 5 shows the plot of Figure 4 at the 
bottom and its mirror image at the top. One notes in the upper plot that the 
"second set" of peaks seems to have a sinusoidal variation in both amplitude 
and location. This variation is not well defined, which suggests that its 
appearance is "aliased" by not having a sufficient number of samples 
(transforms) to properly define it. 


Consequently, the next step is to increase the overlap factor to 16. 
That is, each transform segment contains 960 data points from the previous 
segmant and 64 new points. To these 1024 points are appended 15360 zeros. 
| The result is the waterfall spectral plot of Figure 6. This plot shows quite 
le clearly the progression of both "sets" of peaks. It reveals a sinusoidal 
| variation of the frequency of each set, and a sinusoidal variation in the 
amplitude of the second set relative to the first. At this point it would be 
appropriate to mention that up to now all waterfall spectral plots were made 
with each spectrum being normalized to its own peak, independent of the other 
spectra. The advantage here is twofold. First, the peaks remain clearly 
visible even in regions of diminished signal amplitude. Second, any 
variations in the progression of spectral peaks such as those shown in Figure 
6 are due solely to changes in frequency, and not amplitude. If the spectra 
were all normalized to the same value, signal amplitude variation would result 
іп a plot of similar appearance, even though the peak frequency might be 
increasing quite smoothly. Not all is well however. There are times when 
wetertail plots with independent spectral normalization can be misleadiag. 


At any rate, the variation in the progression of the maiu peaks in Figure 
6 is due a variation in the main doppler frequency. Several features of the 
data are now quite well defined. Figure 7 shows the region of muzzle exit, 
with lines indicating tne waveguide and free space frequencies. The 
difference between the two is almost exactly that predicted from the equations 
in reference 3. The secondary set of peaks disappears near muzzle exit, Тһе 
indications are that these peaks are visible due to the presence of the 
waveguide (gun tube). These peaks are not artifacts of the radar/gun 
geometry, since they do not occur in every record. The most logical 
assumption is that a change in the aspect angle of the projectile with respect 
to the radar forces energy into the lower modes of propagation in the 
DOS waveguide. 
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Figure 5. Plot of Figure 4 with Mirror Image 
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Figure 6, Waterfall Spectral Plot, Zero Fill, Overlap 6 
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In fact, when the PC method is applied to this same data, as shown in 
Figure 8, at least two sets of secondary peaks are revealed. It appears that 
several lower propagation modes have been excited. The PC plot also reveals 
some sinusoidal frequency variation in the early free flight region. These 
variations are the result of the gyroscopic motion of the projectile as it 
enters the influence of the free-air boundary conditions. It should be 
emphasized that these variations cannot be related directly to velocity. In 
fact, it is readily apparent from comparison of Figures 6 and 8 that the 
amplitude of the frequency variation is somewhat dependent on the resolution 
of the spectra. 


The radar data of the preceeding figures were from a relatively short (2- 
inch) projectile. The next example is from a 4-inch 37-mm projectile. One 
would expect this longer projectile to be more stable in-bore. The data in 
this example were sampled at half the rate of the previous data, so overlap 16 
produces only half as many spectra. Figure 9 is a plot of the data from this 
long projectile. There is a marked difference in the appearance of this plot 
as compared to that of Figure 6. There are no secondary peaks, and the 
progression of the main peaks is quite smooth. Even though there are only 
half as many spectra as in the previous example, it is clear that no large 
sinusoidal variation of peaks exists in this record, It also appears that the 
transition to free flight is much smoother (compare Figure 7). 


Figure 10 is a plot of the PC spectra of this same fata, Even with ile 
very narrow peaks produced by this method, there .s no evidence of any 
secondary peaks. There are sidelobes, evenly spaced on either side of tne 
main peak in each spectrum, which are artifacts of the mathematics. Their 
distance from the main peak is a constant for all of the spectra, which 
distinguishes them from the peaks noted in the previous example. There is 
some noticeable frequency variation after muzzle exit, again due to gyroscopic 
motion in free space. This variation was not readily discernable from the ZF 
spectra, although it is present, 


The series of vertically-aligned peaks at the bottom of this plot are 
caused by the recording electronics. These peaks fade from view due to the 
normalization process as soon as the doppler from the projectile has 
sufficient amplitude. The data in all of these examples were processed from 
direct-recorded channels. While there is fairly good definition of the in- , 
bere trajectory from abou. 150 ft/sec. of velocity on, there is no shot-start 
data. 


Figure il is a plot of the same data with all 3 channels used. The start 
of motion is now clearly incorporated into the data, providing a complete 
record of the in-hore and early free-flight portion of the projectile 
trajectory. Іс should be noted that the channel alignment is most easily 
accomplished by spectral alignment, rather than by timing alignment. The 
reason is thet each of the 3 channels passes through a different set of 
electronics during recording, giving it a different (and unknown or difficult 
to measure) phase delay from the other 2 channels. Since the doppler 
frequency from the projectile at a given instant is recorded in all 3 У 
channels, their respective spectral peaks will be in the same location. © 
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Waterfall Spectral Plot, Periodic Continuation, Overlap 16 


Figure 8. 
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Waterfall Spectral Plct 


(Long Projectile) 


Figure 9. 
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Figure 10. Waterfall Spectral Plot, Periodic Continuation, Overlap 16. 
(Long Projectile) 
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Figure ll. Waterfall Spectral Plot, Zero Fill, Overlap 16, 3 channels 
Combined 
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Alignment is then simply a matter of positioning the 3 resulting waterfall 
spectra so the peaks at the end of one plot are aligned with those at the 
beginning of the next plot. 


If the peak frequency of each spectrum from this data is plotted vs. 
time, as in Figure 12, the basic features are clearly visible. The transition 
to free-space wavelength is clearly defined, as is the sinusoidal frequency 
variation after muzzle exit. There are some sinusoidal variations visible 
early in the in-bore trajectory, which may indicate some initial balloting 
motion of the projectile. One very interesting feature of this data is the 
apparent return to zero frequency (velocity) after start of motion, This 
feature deserves more detailed discussion. 


The first point to be made is that there is no doppler shift from a 
stationary object. The best that can be said about this "return to zero 
frequency" is that the doppler frequeucy was lower than could be detected by 
the analysis; in chis example, less than about 11 Hz. Thus, the projectile 
slowed abruptly at this point, and then speeded up rapidly; it may or may not 
have stopped, In terms of the analysis process, the zero frequency indicates 
that during that particular data window, the doppler frequency was less than 
the resolution of the transform. 


This preliminary movement may have been by the projectile alone, or by 
the projectile aud gun as a rigid-body combination caused bv hammer impact оп 
the primer. If oue assumes that the motion was of the projectile alone, an 
integration of thís data after conversion to velocity shows a travel of 0.2 
inches up to the "slowdown." This dístance is commensurate with the estimated 
projectile "free run" up to the origin of rifling. The integral of the 
remainder of the data up to the muzzle exit point, with corrections made for 
projectile length, agrees іп travel distance to within 0.5 inches of the 
measurement cited in the gun tube stargage report. Full details of this 
investigation will appear in another report [4]. It suffices to say here that 
this sudden change in acceleration could be of concern for fuzed or cargo- 
carrying projectiles. 


As a final example, detailed frequency «c a from the early free flight 
portion of the trajectory of some 37mm projectiles will be presented. Figure 
13 is an expanded version of the muzzle exit and free~flight portion of Figure 
8. The rapidly-decaying sinusoidal motion is typical of the data analyzed by 
the authors. The transition to free flight from the constraints of the gun 
tube appears to be characterized by this adjustment of the projectile to its 
new boundary conditions. It is also during this time that the muzzle blast is 
enveloping the projectile. The resulting changes in air density have an 
effect on the apparent radar wavelength, making analysis in this region quite 
difficult. One goal of such analysis is the determination of the release 
mechanism between projectile and gun tube, and the subsequent effect on weapon 
system accuracy. 


While it is difficult to assess which portion of this variation in 
doppler is due to atmospheric conditions and which portion is due to actual 
projectile motion, it is the opinion of the authors that atmospheric effect on 
the radar wavelength would manifest itself as an exponential change, rather 
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density within the sphere decreases monotonically. Sinusoidal variations ta 


wavelength, the sinusoidal variation of the doppler in Figure 13 is due to a 
corresponding projectile motion. This motion has been observed by the authors 
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than a sinusoidal one. The reasoning is, simply, that the blast is an 
expanding sphere. As the radius of the sphere increases monotonically, the 


the density would require an alternating expansion and contraction of the 
sphere: an unlikely phenomenon. Therefore, with some correction for 

in projectiles ranging in diameter from 37mm to 90mm, and is the subject of 
continuing research. 
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ABSTRACT: 


The role of gun tube dynamics in the accuracy of weapon systems has long 
been acknowledged. Frequently, however, gun dynamics effects have been 
considered to be small relative to other sources of error or dispersion, and 
therefore not of particular concern to the program manager or user. As a 
consequence, it has also been difficult to generate support among the user 
community for experimental measurements on "as-fielded" systems. 


This paper describes the dynamic behavior of the M256 120-mm smooth-bore 
tank gun and its relationship to accuracy. Details of dynamic muzzle motion 
are presented, as well as normalized target impact data. ھ‎ discussion of tube 
centerline profiies and how mounting and thermal jacketing afíects these 
profiles is also given. Specific correlations betweeu static tube centerline 
profiles, dynamic behavior and target impacts are presented, Finally, the gun 
tube/projlectile interactions are discussed. 
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TITLE: A STUDY OF PROJECTILE ACCURACY 
failey T. Haug 
U.S. Army Ballistic Research Laboratory, Aberdeen Proving Ground, 
M 21005-5006 


ABSTRACT: 


Expressions such as jump have beer. used to describe accuracy problems 
that could not be attributed to any known or understood phenomena. A 
carefully designed test project was developed at BRL to study accuracy effects 
in an attempt tc shed some light оп the term accuracy and the parameters that 
affect it. The long term objective of the program is to develop a 
comprehensive validated gun dynamics methodology for predicting in-bore and 
launch parameters insofar as they affect accuracy. The goals of the initial 
testing were to establish measurement techniques, to initiate a determination 
as to what measurements should be continued in future tests, to evaluate the 
relevance of the parameters measured, and the feasibility of making additional 
measurements, 


This presentation will touch on all aspects of the instrumentation and 
data acquisition; the analysis presented will deal primarily with the results 
of the microwave measurements, In addition to measuring the tangential 





projectile motion using the microwave. С? 
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A STUDY OF PROJECTILE ACCURACY 


MR. BAILEY T. HAUG 
U.S. ARMY BALLISTIC RESEARCH LABORATORY 
ABEKULEEN PROVING GROUND, № 21005-5006 


1. INTKODUCTION 


Jump bas been used to describe accuracy problems that could not be 
attributed to any known or understood phenomena, As a part of the Ballistic 
Research Laboratory's (8RL's) Ballistic Technology Program, there is a 
continuing effort to study accuracy in an attempt to shed some light on 
accuracy and the parameters that affect it. The long term objective of this 
program is to аеуеіср a comprehensive validated gun dynamics methodology for 
predicting in-bore and launch force histories to aid in the structural 
analysis of projectiles and the predicting of fina! launch parameters insofar 
as they affect accuracy. The goals of the initial test were to establish 
measuremert techniques, to iniciate a determination as to which measurements 
should ve continued in future tests, to evaluate the relevance of the 
parameters measured, and to derermine the feasibility of making additional 
measurements e 


Although this paper will discuss aspects of all the instrumentation and 
data acauisition involved in the initial testing, the discussion of the 
analysis of the data will concentrate on the microwave radar measurements, 
specifically the attempts to neasure spin. Muzzlescnmidt data and the 
correlation of the muzzla datz with that from the microwave is left to other 
papers. The initial objective in making microwave measurements was to 
determine the tangential projectile velocity from shot start to just prior to 
the impact in the sandbutt at the end of the range. Additionally, it was 
desired to measure the spin history of the projectile and the transverse 
projectile motion. With a one-dimensional fixed position radar unit only a 
qualitative analysis of transverse motion can be made; however, it was hoped 
that any information obtained could be compared to theoretjcal predictions of 
projectile motion to iı clude those developed by Е. V. Reno” and L., Н. Thomas”. 


2. PRELIMINARY PREPARATION 


A 37-mm cannon was chosen as che test system because it was available in 
the laboratory, it could be fired in our indoor ranges, a supply of proof 
siugs was in our possession, and the tube was an easy size to work with as far 
as the Muzzleschnidt and the microwave were concerned, Before installing the 
tube in the range, ít was sent to the Material Testing Directorate for star 
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gauging. By star gauging the tube we were able to establish the condition of 
the tube. With this information, gun wear and build up could be included іп 
the analysis of the microballistics. An extensive analysis of the pattern cf 
the wear pnd build up was conducted by Dr. Rurik Loder and Mrs. Emma 
Wineholt. 


Additional preparation of the gua tube was done at BRL. Threads were cut 
on the пи2214 to allow the Muzzieschuidt and the muzzle weight to be attached, 
as shown in Figure 1. The dual four coil Muzzleschmidt, developed by Jimmy Q. 
Schmidt at BRL, vas one of the measurement techniques to be evaluated in this 
phase of the program. This instrument was designed not only to determine the 
angle of the projectile ac exit, but also the rate of change of this angle. 
The muzzle weight added 27.2kg (60 lbs) to the mass of the muzzle. ھ‎ V-block 
was designed to support the muzzle to prevent droop. As the program began, 
the desire was to eliminate some of the parameters that might complicate the 
analysis. The purpose of this muzzle weight was to restrain the transverse 
muzzle motion until after projectile exit. The muzzle weight incorporated the 
Muzzleschmidt assembly and the oscillator box. 


To check out the Mizzleschmidt, three different size proof slugs were 
selected for thís test. To improve the profile seen by the muzzle device, the 
projectiles were modified by machining a square notch on the leading edge of 
the bourrelet, In addition three V-shaped grooves were cut in the face of the 
projectiles to emphasize spin in the microwave return. A typical projectile 
is shown iu Figure 2 with the dimensions of concern shown. The projectiles 
wece measured carefully by personnel from Launch and Flight Division, BRL, and 
the weight, the location of the center of gravity and the linear dimensions 
were all documented. 


In an attempt to check for symmetric engraving and to determine if 
asymmetric engraving might be a factor in projectile accuracy, a soft recovery 
system was designed in order to allow a visual inspection of the rotating band 
of the recovered projectile, It was conceded that it would be impossible to 
catch a projectile in tne distance available without sone damage to the 
projectile and band, but if the velocity could be reduced to a point where the 
damage on impact in the sand would be min mal then scme analysis of the 
rotating band might be possible. Two 55 gal. drums were adapted to this 
purpose. With the ends removed and replaced with cellotex, the drums were 
half filled with a soft clay like material intended to be used to absorb oil 
spills on concrete floors. The drums were then laid end to end in stands and 
positioned so that the gun was aimed at the lower half of the barreis. By 
only filling the barrels halfway, the clay could expand when impacted by the 
projectile without splitting the barrels. 


The 37-mm gun tubs was mounted on a Franklin rest which was then bolted 
to the I-beams in the : inge with the muzzle just protruding through the blast 
window. As mentioned b:fore, a 27.2 kg weight was mounted on the muzzle, and 
this weight included the Muzzleschmidt, The extra weight of the muzzle 
required a V-block support to prevent excessive droop. This V-block wae 
placed in the blast window. The primers used were mechanical, and it was بے‎ 
decided to use the lanyard to fire the gun rather than to attempt to arrange 956 
some solenoid firing mechanism and risk electrical interference on the data 











Figure 1. Photograph of Muzzleschmidt and Muzzle Weight 


lines. Іп the past, current surges in firing solenoids had been a source of 
noise in the data. 


A 10СН2 microwave radar was placed approximately 18.25m (60 ft? down 
range along side the soft recovery barrels and aimed hack towards the 
muzzle. Tne most effective alignment technique was to use a reciprocating saw 
with a large washer mounted with a bolt in place of a blade so as to present a 
large frontal surface approximately the area ot the projectile face. The saw 
was placed in front of the muzzle with the washer aligned along the shot line 
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and facing the microwave. The reciprocating surface moving with such 
regularity made alignment and tuning positive. As long as the angle between 
the radar beam and the gun tube center line was kept small, the microwave 
signal could be propagated down the tube to the face of the projectile and 
back to the antenna. The center of the antenna dish was less than one meter 
from the line ot flight. Every effort was made to minimize the signal return 
caused by the recoiling parts of the gun by covering the muzzle face with 
microwave absorbing material. 


Optrons were used to track recoil as well as vertical muzzle displacement 
on the first few shots. The unit at the muzzle was set up to check for muzzle 
motion prior to shot exit. The unit measuring recoil was to check the 
functíoning of the recoil buffer, and also measured the recoil displacement 
prior to shot exit. 


The only additional data taken were chamber pressure and targets. The 
pressure gage was a mini-hat gage mounted in the chamber. This required the 
cases to be drilled which is a standard procedure for measuring chamber 
pressure with an externally mounted gage. An attempt was made to measure 
downrange targets. The aim point was determined using a modified bore sight 
and the impact point recorded using a witness card. The standard 37-mm hore 
sighc could not be used because the tapered collar used to center the sight 
was too short to reach through the muzzle device and center on the bore. An 
adapter was manufactured in the BRL shop. 


This completes the description of the instrumentation and equipment in 
the range, and Figure 3 shows the location of each component of the test. 
Note in particular the location of the microwave unit, as this was not the 
conventional Location used in most ballistic tests. Figure 4 is a photograph 
of the gun, showing the pressure gage and one of the Optrons. Notice the 
Muzzleschmidt attached to the muzzle. 


3. DATA AQQUISITION 


The data were acquired on anaiog tape with some channels backed-up by the 
digital data acquisicion system. This was not the usual procedure for the 
recording room where the digital recording was the primary system; however, 
the microwave data were better handled by tape so that the data could be post 
processed using the НР1000 A/D facility. The microwave signal was recorded on 
three separate channels. The signal was low pass filtered, dc-10KHz, allowing 
the shot start motion to be recorded on a wide band FM channel. As the 
projectile velocity increased the doppler return was attenuated leaving only 
the contribution from the recoil of the gun. The doppler return was also 
recorded through a bandpass filter 1 KHz to 80 KHz, which overlapped the 
first channel in frequency content. This second channel] recorded the 
projectile travel from shortly after shot start until the prolectile left the 
view of the microwave unit, but successfully eliminated the signal 
contribution from the recoiling gun. This allowed the return from the 
projectile to be further amplified without the clipping that would have 
occurred if the large amplitude doppler signal due to recoil were stiil 
present. As a backup, and from experience, it was decided to also record the 
microwave return on a direct record channel using the same band-pass filter 


11-39 








HAUG 


Blast Chamber 10 GHz Microwave 
37-mm Cannon 





Pressure 
Gage 
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Figure 3. Range Instrumentation 


settings. This recording procedure was selected with consideration given to 
the reguirements of the analysis, in particular, the spectrum analysis of the 
microwave return. Other data recorded on tape included chamber pressure, a 
firing fiducial, and a muzzle exit fiducial generated by the Muzzleschmidt. 


The dual four-coil Muzzlecchmidt is made up of two sensors separated by 
2.54cm. Each sensor consists ot four coils and the output of each coil is 
proportional to the distance between the coil and the metal parts of the 
projectile. The outputs of the coils are com ined to form up-down, uptdown, 
left-right, lefttright for both sensors. For this test the eight outputs from 
the muzzle device were captured on transient wavefcrm recorders, Biomation 
model 805's. The units used did not have an output bus directly compatible 
with the HP 9845 which is the computer sel.cted to read the Biomatioas. Earl 
Ball, an electronics technician at BRL, designed and assembled the required 
interface to feed the eight units to the HP 9845. as is the case whenever опе 
has only the correct number of units and no spares, one of the Biomations 
failed and for most of the test only seven channels were recorded, 1٦ the 
analysis, the differences, L-R and U-D for each sensor were critical but + 
was not necessary to record all the sums, 


4. FIRING PROCEDURE 


The initial fitings were used to test the new Muzzleschmidt and to E 
experiuent with different methods of implementing and recording the да 
microwave. Considerable effort and time was expended to insure that the 
muzzle device was operating as designed and that the mounting procedure did 
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Figure 4. 37-mm Cannon With Showing Pressure Gage And Optron 


not allow vibrations to alter the signal. ‘The method of mounting the muzzle 
device had to be changed and then checked out again. During this process the 
techniques for handling the microwave measurements were firmed up. 


Once the Muzzleschmidt was working properly and had been calibrated it 
was decided to fire a series of at least ten type 508 proof slugs at a reduced 
charge. Using this projectile made the measurements with the muzzle device 
easier to analyze due to the long section with constant diameter between the 


bourrelec and the rotating band. The procedure for firing the series was as 
follows: 


l. clean tube after each shot in an attempt to get better microwave 
records; 
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2. place a new target down range and mark the aim point as seen from 
muzzle sight; 


3. record temperature and dew point for the gun room, blast chamber and 
range; 


4. record the actual microwave frequency 


5. for projectiles with grooves, note the orientation of the grooves as 
loaded in the gun; 


6. cover the muzzle face with microwave absorber to reduce the magnitude 
of the return due to recoil. 


Бу this time the idea of the soft recovery system had been abandoned 
because the projectiles were still being subjected to sufficient abrasion to 
alter the appearance of the rctating band. The initial projectiles that were 
recovered did show evidence of contact between the bourrelet and the gun 
tube. The recovery system slowed cown the projectiles enough that the damage 
from the impact in the sand was minimal, and some analysis of the in-bore 
performance of the projectile could have been done. Future testing might have 
requirements that would benefit from this system, but at this point it was 
felt that there was no need to slow down the testing bv using this device. 


After a few rounds to check out the instrumentation, twelve of the 
machined 508 rounds were fired over a period of several days. The firing pace 
was determined by our ability to look at the data, make appropriate changes in 
the recording room and align the nicrowave unit which was reluctant to work 
consistently. 


Spectrum analysis of the microwave data from this series of rounds and 
some of the preliminary rounds revealed details about shot start, and also 
showed possible balloting motion in-bore. To confirm this, additional firings 
were planned. The microwave record of most interest was from a long 508 round 
which had achieved a muzzle velocity of 642m/s. To explore the differences in 
doppler return from the two projectiles, several 508 rounds were fired with 
increasing charge loads to attempt to achieve the same muzzle velocity as the 
lighter 510 rounds without exceeding the pressure !imits of the breech. The 
charge weight was increased to the point where the pressures were in the 434- 
441 MPA (63-64 kPSI) range, close enough to the design limit that we decided 
not to go any higher. The muzzle velocity achieved was 775m/s. At this point 
we fired several of the lighter and shorter 510 rounds at a nominal muzzle 
velocity of 1000m/s to gain additional data, and then fired several at lower 
charge weights attempting to match the 775m/s muzzle velocity of the 508's 
which allowed us to compare microwave returns from two different projectiles 
at essentially the same muzzle velocity. The details of the analysis are 
covered in a report by Dr. Walbert. 


5. RESULTS 


In the initial phases of the testing, the tube was purged with nitrogen 
prior to each shot because it was felt that filling the tube with this inert 
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gas would improve the transmission of the microwave signal during the in-bore 
cycle. At one point the supply of nitrogen was depleted but the firing was 
continued with no apparen: change іп the resulting microwave return; 

therefore, the procedure was changed to simply cleaning the tube prior to each 
shot. Several attempts were made to reflect the microwave beam down the tube 
from an aluminum plate and also a screen, but these attempts did not meet with 
the success experienced with aiming the microwave directly at the muzzle from 
down range as was described earlier in the discussion of range preparation. 
Attaching the microwave absorber to the muzzle face reduced the signal 
strength of the reflection from the muzzle prior to shot exit, but after shot 
exit the absorber was ripped off with the blast and recoil was clearly 
visible. The only successful way to eliminate this signal was to filter it 
out. This experience was what led to the recording technique using multiple 
channels to record overlapping time sections of the projectile travel. 


To det rmine if the grooves on the face of the projectile would allow the 
Measurement of spin, an exneriment was done to spin a projectile with a 
drill. A projectile that had the grooves cut in it was drilled and tapped in 
the center of the base with М, -20 threads. A piece of all thread was screwed 
into the base of the projectile and then chucked in the drill. The microwave 
transmitter was aimed at the spinning projectile and various spin rates were 
tried. The resulting signal showed spin very clearly when analyzed on the 
spectrum analyzer, although it was not readily visible to the eye in the raw 
Часа, Several tests were recorded on analog tape and reduced using the Fast 
Fourier Transform programs. A plot of the results for a projectile with three 
V-shiped grooves typical of those fired is shown in Figure 5. The primary 
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Figure 5. FFI of Spin Test, Projectile with V-Grooves 


frequency at 28Hz represents a spin rate of 1680 rpm from the drill. ظ‎ cause 
of the symmetry of the grooves the second harmonic is apparent. Several 
suggestions to improve the spin measurements were made, including the 
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attachment of a thin semicircular plate to the front of the projectile, or 
simply machining a flat-bottomed groove rather than the V-shape that was 
chosen for the firing tests. To help in the understanding of the results a 
projectile was machined with three flat grooves radiating at approximately 120 
degrees from the center and was tested on the drill. The resulting FFT is 
shown in Figure 6, and the primary frequeucy is Z4Hz and harmonics are more 
pronounced due to the groove arrangement. The question of what contribution 
the grooves máke t the measurement of spin is addressed by Figure 7. This 
plot was the result of spinning a projectile with no grooves, so why was the 
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Figure 6. FFT of Spin Test, Projectile with Flat Grooves 
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spín so visible? Apparently the wobble of the projectile in the drill was 
sufficient to measure spin and since each of the projectiles tested mounted in 
the drill chuck at different angles, the projectile wobble contributed 
different amount of spin information in each test. The primary frequency 
component in the drill tests was due to the misalignment of the projectile in 
the drill. 


Figure 8 was derived from actual data from the firing test. ھ‎ section of 
the microwave data taken after muzzle exit was analyzed using periodic 
continuation to generate a high resolution FFT and the results show the 
velocity and the spin. The velocity can be computed to be 619m/s. Using thís 
as an estimate of muzzle velocity and a twist rate of 1:25 calibers, the 
expected spin rate would be 670rev/s. Because of the geometry of the nose of 
the projectile, the expected frequency due to spin would be 1339Hz. The side — 
lobes on the spectrum are 1287He away from the center frequency, and which p 
represents 964 full spin. The techniques required to measure in-bore spin are 
still to be developed, and this measurement will be complicated by the fact 
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Figure 7. FFI of Spin Test, Projectile with No Grooves 
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Figure 8. FFE of Pr jectile Spin from Firing Record 
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that there are multiple transmission modes generated inside the gun tube. The 
balloting motion during the launch cycle will also complicate generating a 
spin-time history, 


Overlapping FFI's of the microwave data were plotted in a waterfall | 
format to reveal a velocity time history. The waterfall plots reveal such CAE 
details as in-bore balloting and yaw after muzzle exit as shown in Figure 9. 
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Figure 9. Waterfall Plot of 105 


Although projectile attitude can not be determined directly from this 

information, the plot can reveal the frequency of the oscilations involved as 
evidenced by te secondary peaks. Figure 10 shows the case where the 

projectile sta.ts, stops when the band engages the rifling, and starts again LU 
as the pressure builds up to that required for engraving the rotating band. 
This test demonstrated the value of micrcuave measurements in analyzing 
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intericr hallistics beyoud simply a measure of muzzle velevity. Іп fact the 
Muzzleschmidt is much better suited for measuring velocity at muzzle exit due 
to the ambiguities introduced to the microwave measurements as the doppler 
signal changes from a waveguide mode to free space. This transition region is 
ciearlv shown in Figure 10. Іп the plot there appears to be a step in the 
velocity of the projectile at muzzle exit which is actually a change in the 
doppler wavelength. 


The results of aiming with a borescope were disappointing. The modified 
sight did not have a method for collimation, thus the accuracy of the aim 
point was limited to the accuracy of the machining and to the fit in the 
Боге, If the sight was rotated in the bore or if the sight was removed and 
reinserted with the viewer at a slightly different angle, the apparent aim 
point would shift. Also the round to round variation of impacts on the target 
was not enough to aliow a measurement in this short range. The precision of 
the gun was better than that of the borescope or our ability to measure 
impacts. The muzzle sight was discontinued for the second phase of the 
test, If a muzzle sight and witness cards are to be valuable in future tests 
of this sort then the muzzle sight needs to be fitted more carefully to the 
bore, and allcwance made for some methcd to collimate the boresight. 


The concept of the muzzle weight and tie support block worked well during 
the test and removed transverse motion ав a parameter prior to muzzle exit. 
This was obviously an artificial restriction and will be removed in future 
testing. Gace the muzzle is allowed to move prior to muzzle exit then we must ( = 
measure this motion, and measure it by а noncontacting method to avoid 
altering the motion with the measurement. Аз an initial step the gun should 
be fired ín the current range with the muzzle allowed to move freely. This 
may 1100ء‎ the target groups to open up enough to attempt a correlation between 
the muzzle position at exit and the projectile impact. For this initial test, 
aiming the gun from the muzz'e and coliecting the targets could have been done 
once for the entire test, as long as the same projectile and charge weight 
were used, because all the impacts fell on top of each other. If we are to 
discriminate shot fall from one round to the next with a muzzle weight in 
place, then the gun must be fired at a longer ge, ог a smaller caliber gun 
must be used. 


6. APPLICATIONS 


The technique to measure the spin was applied to the development of a 
rotating band for a 40mm model of a RAM Jet projectile. The combination of 
chamber pressure and microwave measurements and the flash x-ray allowed the 
detection of parts failure and tne measurement of the percent of spinup. With 
this information, the time of failure and the pressure loading at failure was 
established. Finite element analysis resulted in tne identification of the 
failure mechanism and the design was corrected. 


The microwave and pressure measurements from firings of both projectile 
sizes were used by S&D Dynamics, Ipc. to validate their model for projectile 
motion done under contract to BRL. The microwave waterfall plot shown in 
Figure 9 was used to establish the frequency of the balloting motion 
experimentally. The in-bore microwave data was used to determine coefficients 


11-48 


mal‏ کت Во MES „Ие‏ ری ا е о аир рака. чый оао, А‏ ار E he‏ ہا RO‏ گر سو کر رو یہ سے 








А ЧАЈ МЕЋАВА ПИ اج‎ OW TTT хм үз لے ہے‎ гасном ча ВА ОУ У ہے ہے ےس یہ سے ےہ ےد نرہ‎ S ہی ہہ‎ .. 


HAUG 


of friction for the model. Further development of experimental techniques 
would be extremely valuable in the verification of mathematical models 
describing the projectile and gun tube dynamics. 


Future efforts that will evolve from this work include developing a 
5.56-шт gun tube model of the 105-mm M68 tank gun. This rifle barrel has been 
physically scaled to the dimensions of the 105-mm based on the ratio of the 
bore diameters. Using the small gun will increase the scaled length of the 
range tc the equivalent of a 400m range with the tank gun and may allow us to 
make jump measurements іп the indoor range. The microwave technology will be 
extended by the use of a "3-D Radar," which consists of a single transmitter 
and three receiving antenna. This will allow a more definitive measurement of 
the projectile ҒІЗДІіп path and should allow the quantitative measurement of 
balloting and yaw. 


7, CONCLUSIONS 


This paper makes no pretense to have resolved the question of jump, but 
progress has heen made in the measurement and analvsis of ballistic parameters 
that aftect accuracy. The study of accuracy and jump at BRL is a multifaceted 
program and this work served as a baseline to help understand what is involved. 


The study of projectile disengagement at the muzzle has continued based on 
these initial firings to a 40-mm gun tube where the muzzle was free to 
translate during the interior ballistic cycle. The tube motion was measured 
and combining the angular rate of motion of the tube with the angular rate of 
motion of the projectile at the muzzle represents a great stride forward in 
understanding the phenomenology of accuracy and jump. 


The microwave measurements made demonstrated the canabilittes of this 
instrumentation technique and have led to the purchase of new instrumentation 
and the development of the analysis algorithms required. The microwave data 
from the 37-mm gun firings were instrumental in the developmenc of the 
capability to perform high resolution Fast Fourier Transforms at BRL and the 
application of the techniques to projectile/gua tube dynamics, 


The continuation of the work with mediun and small caliber guns in the 
indoor range represents an oppcrtunity to experiment with measurement 
technigues and data analysis procedures at reasonable costs and іп an 
environment that is cunducive со the research effort involved. The data 
generated can be applied to gur tube modeling eífo-to both as input data and 
boundary conditions. The results of these efforts are reaaily transferred to 
large caliber systems such as the 105-mm and the 120-mm tank guns. 
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ABSTRACT: 


As a part of a 155mm advanced projectile development, a major in-bore test program was 
conducted to characterize the torsional impulse environment utilizing a combination of 
US ard NATO cannons ard propellants. Instrumented 155mm projectiles with on-board 
telemetry systems have heen designed st ARDC, НОГ. and SNLI, for ihe purpose of 

ant measuring axial and angular acceler: tions during gun launch. Tests have been conducted 
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of the test program showed that large torriunal impulse was experienced with worn NATO 
cannons and with fast pressure riee-tine propellants. 
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INTRODUCTION 


As a part of a 155mm advanced projectile development, a major in-bore test program 
was conducted to characterize the torsional impulse environment utilizing a combination 
of US and NATO cannons and propeliants. Torsional impulse, which first became of 
concern in 1976 as a result of an investigation of a threaded joint failure in an 8-inch 
projectile [Ref 1], is the result of the projectile acheiving an initial axial velocity before 
engaging the селпоц riling. ln certain са es during gun launch, referring to Figures 1 
and 2, the projectile experiences axial displacement before the rotating band engages the єз 
cannon rifling, therefore there is по initial corresponding rotational motion. Сопзедиепну, 
when the rotating band engages the rifling, the projectile suddenly experiences a torsional 
impuise which results in angular velocity. The time rate of change of the torsional impulse 
results in an angular acceleration which can be very large and depends primarily проп the 
corresponding axial velocity and the ability of the rntating band to transrait the interial 
forces [Ref 1, 2 & 3]. (Unless otherwise specified, peak angular acceleration will hereafter 
refer to the peak angular acceleration which occur: during torsional impulse, not peek 
pressure.) 


The large angular accelerations corresponding to torsional impulse can lead to failure of 
structural and frictional joints, explosive charges, rotating bands, and components. Since 
the angular acceleration can exceed that corresponding to peak axial acceleration, the 
design limit based on peak axial acceleration can be exceeded. Frictional joints are of 
particular concern since (1) the minimum coefficient of friction required to transmit the 
inertia torque асгодз the interface joint is proportional to the ratio of angular (8) and axial 
(az) accelerations, 


6 


and (2) torsional impulse typically occurs when the axial accelerations are still relatively 
low. When a large angular acceleration is coupled with a compa1atively low axial accel- 
eration, an abnormally large coefficient of friction is required. If the coefficient of friction ZU. 
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for the interface joint is too small, the joint will undergo a rotational slip. In this case, th: 


angular acceleration does not necessarily need to exceed the design limit to cause failure 
[Ref 1 & 2]. 


FORGING 
CONE 





Figure 1. Projectile Rots ing Band/Cannon Interface 


To simplify further torsional impulse discussion, two terms describing the projectile 
motion are defined: "free-run" and “clutch-up” distances. The free-run distance is defined 
as the axial projectile travel occurring before start of spin-up, апа the clutch-up distance is 
defined as the axial travel from end of free-run to the point where the spin rate corresponds 
to the cannon twist rate. These two parameters are a function of the cannon land wear 
profile near the origin of riding, propellant charge pressure-time history, and projectile 
configuration. 


In the investigation of torsional impulse in 8-inch projectiles [Ref 1 & 2], it was sub- 
stantiated that the free-run distance was dependent on the rotating band design. In a new 
cannon, the rotating band should be in contact with the rifling after projectile ramming. 
However, in certain cases, the band outer diameter prohibited the band from making con- 
tact with the rifling, producing an axial free-run distance of approximately one inch. In 
зоше cases, the projectile velocity reached approximately 100 fps before the rotating band 
made initial contact with the rifling, causing a large torsional impulse. 


In the case of worn cannons, it was also substantiated that decreasing the free-run 
distance by reducing the outside band diameter does not completely eliminate torsional 
impulse. As the cannon wears near the origin of rifling, the band/zifiing engagement area 
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Figure 2. Sequence of Events in Torsional Impulse 


during initial projectile ua тау not be sufficient to transmit the inertia torque required 
for angular motion. Thus, («Ке projectile experiences free-run. As a result, the torsional 
impulse level increases with progressive cannon wear [Ref 1 & 2]. 


B 
"A 


Beginning іп mid-1978; Sandia conducted a limited test program to characterize tor- 
sional impulse for 8-inch projectiles [Ref 1 & 2]. In this test program, a significant torsional 
impulse was measured in ап 80% worn XM201 cannon, where the peak angular accelera- 
tion exceeded that corresponding to peak axial acceleration by 60%. Later in 1978, in-bore 
telemetry testing began for 155mm projectiles [Ref 4 & 5]. This test program revealed that 
torsional impulse increases significantly, beginning in the 3rd quarter, with progressive can- 
non wear iu FH70 NATO cannons. The magnitude of the peak angular acceleration in 
an 80% worn NATO/FH70 carnon exceeded that associated with peak axial acceleration 
by about 10%. In a Sth quarte: 155mm NATO cannon, using an M203 granular charge, 
the ratio of the maximum angular acceleration during torsional impulse to the angular 
acceleration associated with maximum axial acceleration was 1.45 and 1.73 when using 
a M549 and a M483 rotating band, respectively. When worn chrome plated US 155mm 
cannons were used, the ratio was as high as 2.3 [Ref 4]. 


Further investigation was conducted by ARDC [Ref 6] with emphasis on the analytical 
modeling of torsional impulse. A computer simulation was constructed in an attempt to 
model the gun-launched projectile motion, incl :ding torsional impulse. The projectile mo- 
tion was simulated mathematically by a lumped parameter model using base pressure-time 
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history as the input forcing function. Though the mechanics of the model were defensible, 
the model contained some preliminary assumptions regarding the free-run and clutch-up 
distances. Аз а result, it was difficult to accurately predict the level of torsional impulse 
without the input of empirically determined free-run and clutch-up distances. Until the 
dynamics of the rotating band/rifling interface are better understood, the quantification 
of torsional impulse will depend on actual field tests. 


TEST PROGRAM 
Test Description 


Instrumented 155mm projectiles with on-board telemetry systems were designed at 
ARDC, HDL, and SNLL (Figure 3) for the purpose of measuring axial and angular ac- 
celerations in the gun launc environment. Each test vehicle contained a set of calibrated 
axial and tangential accelerometers. Angular accelerations were determined from tangen- 
tial acceleration measurements. It should be pointed out at this time that since the test 
vehicle design among the three agencies diifered with respect to telemetry design, instru- 
mentation positioning, projectile configuration, and mass properties (see Table I), some 
variation in the data was expected. 


TABLE I. TEST VEHICLE DESIGN VARIATIONS 


АЙ Structural Rotating Weight Polar Moment 


Agency Material Band Type (iba) (lbs-in? ) 
SNLL Titanium M483 or 95 465 
L15-like 
HDL Steel M483 or 88 453 
L15-like 
ARDC Titanium L15-like 94 495 


А... 


The test projectiles were equipped with parachute recovery systems to allow soft re- 
covery of the payload for reuse in subsequent tests. ARDC and SNLL test projectiles were 
fired vertically with nose-deployed parachute recovery systems, and HDL test projectiles 
were fired down-range with base-deployed parachute recovery systems. Gun-site ground 
station receivers were used to acquire and record the in-bore telemetry data transmitted 
from the projectile antenna. 


For each telemetry test, additional gun-site instrumentation included с -ush and piezo- 
electric gages for chamber pressure measurements and doppler radar or velocimeter for 
measurement of barrel-exit velocity. These measurements were later compared with the 
measured in-bore data for validation purposes. 
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Figure 3. SNLL, HDL, & ARDC Test Vehicles 


The test matrix, as shown in Table II, was constructed іп a manner such that : ле 
effects of cannon wear (new and worn) and propellant charge pressure rise-time (granuiar 
and stick propellant charges) couid be determined. A list of the tests with the specific 
types of cannons and propellants that were used is provided in Table Ш. 


Vertical land wear profiles of the US M199 and NATO ЕНТО cannons listed in Table Ш 
are shown in Figures 4 and 5. It can be seen from Figure 6 that the wear profiles between 
US and NATO cannons differ. The NATO cannons exhibited greater wear at the origin of 
rifling, followed by a more abrupt wear recovery starting approximately seven inches from 
origin of rifling. It is believed that this difference in wear profile is due to the fact that US 
cannons are typically worn у h granular charges (though this may change if the newly 
developed stick charges becc.ne type classified), and the NATO cannons are typically worn 
with СП or СШ stick charges. The difference in wear profile could also be attributable 
to the fact that the projectiles fired out of the NATO cannons were not equipped with 
plastic obturators to minimize gas blow-by, possibly contributing to the wear near origin 
of rifling. 


The M203 granular and M203E2 stick propellants are standard high zone charges. 
The PXR6297 granular and M203E2P stick propellants are representative proof charges 
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TABLE II. IN-BORE ENVIRONMENT TEST MATRIX 


US M199 NATO ЕН70 








Cannons Cannons 
Propellants New Worn New Worn 

US X X X 
M203 Granular 

US X X X 

PXR6297 Granular 

US X X X 

M203E2 Stick 
US X X 

M20S3E2P Stick 

NATO X 


CII Stick 


——— —M— ——— 


designed to provide over pressure test levels. In this study, the peak pressure for the proof 
charges were approximately 1096 greater than those produced by the standard charges. 
The СП stick charge is a standard NATO zone 7 charge. Since torsional impulse is & 
function of the propellant pressure rise-time [Ref 1, 2, 4 & 5], a comparison of the rise- 
times is provided in Table IV. The propellant pressure rise-time is defined as the tirne 
between 10% of peak pressure to peak pressure. It can be seen that the rise-times for the 
stick charges are faster than those of granuler charges. 


Data Reduction and Validation 


The first step in the data analysis is to determine if the in-bore measured data can be 
validated by comparison to independently measured parameters. As illustrated in Figures 
7a, b, and c, the axial accelerometer data are validated by comparison of the first and 
second integrals to the measured values of muzzle velocity (doppler or velocimeter) and 
tube length, respectively. The projectile travel in a 155mm/M199 cannon is approximately 
200 inches. The data are considered valid if the agreement is within 5%. 


The tangential acceleration data are validated by comparison to the validated axial 
acceleration data. First, the angular acceleration is computed from the measured tangential 
acceleration, a,, by the relationship 


й = (5 ја, (2) 
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TABLE Ш. IN-BORE ENVIRONMENT TESTS SUMMARY 


Test Rotating Cannon Cannon Wear Propellant 
No. Agency Band Type S/N Statua Type 




















FG159  SNLL  LióLike M199 27485 IQTR M203 Granular 
FG801  SNLL  Ll15-Like M199 27485 1QTR PXR6297 Granular 


FG806  SNLL L15-Like M199 27485 2QTR M203E2 Stick 
FG811  SNLL 115-Like M199 27485 2QTR M203E2P Stick 
FG809  SNLL 115-Like М190 27488 4QTR M203E2 Stick 


FG803 SNLL  L18-Like M199 27488 40TR M203E2P Stick 
FG152 SNLL M483 FH70 PT20 2QTR M203 Granular 
FG153  SNLL M483 FH70 7۲08 65% Worn M203 Granular 
ЕС154  SNLL M483 ЕН70 РТ08 70% Worn M203 Granular 
FG155 SNLL M483 FH70 РТ08 75% Worn M203 Granular 
FG151 SNLL M483 FH70 PTOS 78% Worn M203 Granular 
FG158  SNIL 1L15-Like ЕНТО 78 4QTR M203 Granular 
FG160 SNLL L15-Like FH70 78 4QTR PXR6297 Granular 


FG802  SNLL 115-ШЕе FH70 8 4QTR M203E2 Stick 
FG807 SNLL L15-Like ЕНТО РТ09 SQTR PXR6297 Granular 
SF206 HDL M483 11188 28692 2۳ M203 Granular 
SF407R НОГ,  Ll5-Lihbe M199 28682 2QTR M203E2 Stick 


SF401 HDL M483 M199 27488 4QTR M203 Granular 
SF309 HDL M483 FH70 PTO8 2QTR M203 Gzanular 
SF405 HDL M483 FH70 РТО8 4QTR M203 Granular 
SF304 HDL M483 ЕН70 РТ09 SQTR M203 Granular 
RND6 ARDC L15-Like M199 28682 2QTR M203E2P Stick 
RND4 ARDC L15-Like 0 PTOS 4QTR NATO CII Stick 





where 6, is the angular acceleration calculated from the measured tangential acceleration, 
و‎ is the gravity acceleration, and r is the radial position of tangential accelerometer. This 
acceleration essentially represents the true angular acceleration of the projectile. The 
angular acceleration is also computed from the validated measured axial acceleration, a,, 
in a 1/20 twist cannon, by the relationship 


i= (gt). » 


where 6, is the angular acceleretion calculated from the measured axial acceleration, and 
го is the radial position of rotating band. This represents the angular acceleration which 
would occur if torsional impulse was not present. 

The non-simultaneity of axial and angular accelerations, if any, will be revealed when 
the angular acceleration data computed from both axial and tangential accelerations are 
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Figure 4. Vertical Land Wear Profile Comparison of US M199 Cannons 
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Figure 3. Vertical Land Wear Profile Comparison of NATO FH70 Cannons 


compared (Figure 7d). Given the case of the non-simultaneity of axial and angular ac- 
celerations, the tangential data are validated through the comparison of angular velocity 
curves (Figure 7e). After torsional impulse (engraving) ends, the angular velocity curves 
should t^en trace each other. 


If the axial and angular accelerations have been validated, then the peak angular 
acceleration at torsional impulse can be quantified. Figure 8 illustrates a simple technique 
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Figure 6. Vertical Land Wear Profile Comparison of US and NATO Cannons 


TABLE IV. PROPELLANT RISE-TIME COMPARISON 





Propellant Pressure Rise Time Peak Pressure 
M203 Granular 4.8 msec 47,500 psi 
PXR9297 Granular 4.8 msec 56,900 psi 
M203E2 Stick 3.7 msec 51,000 psi 
M203E2P Stick 3.1 msec 58,650 psi 
CII Stick 2.8 msec 48,700 psi 


of using ratios to quantify the results. Ratio 1 is defined as the ratio of peak angular 
acceleration during torsional impulse to the angular acceleration as calculated from the 
axial acceleration. This ratio, which is essentialiy proportional to the ratio of angular to 
axial acceleration during torsional impulse, is used to quantify the necessary friction factor 
required for no rotationa! slip at the frictional joints. Ratio 2 is defined as the ratio of 
реак angular acceleration during torsional impulse to peak angular acceleration during 
peak axial acceleration. 


TEST RESULTS 


The interior ballistic and torsional impulse data are listed in Tables V and VI. The 
torsional impulse data presented in this paper represent only those that were validated. 
Some degree of torsional impulse was observed in all tests, including new cannon (1QTR 
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Figure 7. .xial and Tangential Acceleration Measurements and Their Validation 
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TABLE V. INTERNAL BALLISTIC DATA SUMMARY 


Crush Gage Muzzle 


Test Cannon Wear Propellant Peak Pressure Velocity 

No. S/N Status Type (psi) (fps) 
FG159 27485 1QTR M203 Granular 46,600 2751 
ЕС801 21485 1QTR ۲۶۲8۶2907 Granular 51,200 2842 
FG806 27485 2QTR M203E2 Stick 54,300 2760 
FG811 27485 2QTR M203E2P Stick 58,600 2905 
FG809 27488 4QTR M203E2 Stick 50,100 2745 
FG803 27488 4QTR M203E2P Stick 55,800 2871 
FG152 PT20 2QTR M203 Granular 47,600 2760 
۲153 РТО 65% Worn M203 Granular 44,800 2719 
FG154 PTOS 70% Worn M203 Granular 44,800 2700 
FG155 PTOS 75% Worn M203 Granular 44,400 2716 
FG151 РТ08 78% Worn M203 Granular 44,000 2703 
FG158 278 4QTR M203 Granular 41,800 2684 
FG160 8 4QTR PXR6297 Granular 48,000 2778 
FG802 08 4QTR M203E2 Stick 48,100 2686 
FG507 PTO $QTR РХН6297 Granular 44,200 2738 7 
SF306 28682 2QTR M203 Granular 49,900 2883 = 
SF407R 28682 2QTR M203E2 Stick 52,700 2877 
SF401 27488 4QTR M203 Granular 46,300 2847 
SF309 8 2QTR M203 Granular 43,900 2780 
SF 405 PT08 4QTR M203 Granular 43,700 2781 
SF 304 РТО? SQTR M203 Granular 41,200 2797 
RND6 28682 2QTR M203E2 Stick 61,500 2981 
RND4 PTOS 4QTR NATO CII Stick 41,000 2140 


and 2QTR) tests. It is apparent that the torsional impuise levels generally increased with 
increasing cannon wear and with faster propellant pressure rise-tirne. 


Cannon Wear Effects 


The results were consistent with those observed in previous 8-inch and 155mm tests 
[Ref 1, 2, 4 & 5] — that torsional impulse generally increases with increasing cannon 
wear. Firing with M203 granular charges, new US and NATO cannons produced miror 
torsional impulse. While гас Легаќе levels were observed in 4QTR worn US and NATO 
cannons, it appeared that the 5QTR worn NATO cannon (PTO9) produced the largest 
levels. This observation supports the theory thet significant origin wear followed by rapid A 
wear recovery leads to large torsiona! impulse levels. "02 
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TABLE VI. TORSIONAL IMPULSE DATA SUMMARY 


Torsional Impulse 

















Test Cannon Wear Propellant 0 peak 

No. S/N Status Type (rad/sec?) Ratio 1 Ratio 2 
FG159 77485 1QTR M203 Granular 140,000 2.12 0.44 
FG801 7485 IQTR PXR6297 Granular 118,000 2.11 0.37 
FG806 27485 2QTR M203E2 Stick 240,000 1.70 0.91 
#081] 27485 2QTR M203E2P Stick 336,000 2.10 1.02 
FG809 27488 4QTR M203E2 Stick 329,000 1.29 1.27 
FG803 27488 4QTR M203E2P Stick 315,000 1.25 1.25 
FG152  PT20 2QTR M203 Granular 135,000 1.98 0.53 


FG153 PTO8 65% Worn M203 Granular 140,000 1.65 0,60 
ЕС154 РТ08 70% Worn M203 Granular 190,000 1.96 0.86 
FG155 PTO8 75% Worn M203 Granular 200,000 1.75 0.85 
FG151 PTOS 78% Worn M203 Granular 230,000 1.60 0.98 


ЕС158 PTO8 4QTR M203 Granular 240,000 1.50 1.07 

ЕСІ60 РТО8 4QTR PXR6297 Granular 240,000 1.76 0.96 

FG802 ٤8 4QTR M203E2 Stick 350,000 1.70 1.40 

зд FG807 РТО 59ТЕ РХК6297 Granular 380,000 1.95 1.58 
(o SF306 28682 2QTR M203 Granular 150,000 2.00 0.50 
SF407R 28682 2QTR M203E2 Stick 350,000 2.00 1.10 


SF401 27488 4QTR M203 Granular 240,000 2.00 0.90 
SF309 PTOS 2QTR M203 Granular 240,000 1.80 0.90 
SF405 РТОВ 4QTR M203 Granular 260,000 1.60 1.00 
SF304 PTOS 5QTR M203 Granular 3900 2.00 1.50 
RND6 28682 2QTR M2032 Stick 285,000 1.65 0.82 
RND4 РТО8 4QTR NATO СП Stick 353,000 1.95 1.40 


——— ————MM——M — 





It was interesting to observe, as shown in Figure 9, that the M203E2 and M203E2P 
stick charge/27488 (4QTR US) cannon tests resulted in low ratio 1 (1.25-1.29), but with 
а high ratio 2 (1.25-1.27). This was caused by the fact that simultaneity (i.e., spin rate 
corresponding to the cannon rifling twist rate) of the axial and angular accelerations was 
not achieved until after 17 inches of projectile travel, where the pressure peaked at approx- 
imately 12 inches. Therefore, a large axial acceleration was present during peak angular 
acceleration resulting in a low ratio 1. Consequently, the lands of the proiectile rotating 
band showed evidence of significant rotational shearing. This phenomenon, wl.ich still 
leads to higher than predicted angular accelerations, is evidently a result of the slo. wear 
recovery rate characteristic with 4QTR granular charge-worn US cannons. 


On the other hand, results of the M203 granular charge in the same cannon yielded 
moderate torsional impulse where ratio 1 was higher (2.0) and ratio 2 was lower (0.90). 
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Ratio 1 was higher because torsional impulse occurred at about 4 inches of projectile travel 
where the axial acceleration was still relatively low. In addition, the lands of the rotating 
band showed little evidence of rotational shearing. 


> 


ANG. АСС. (х10+5 rad/eec за) 
э 
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Figure 9. Torsional Impulse in US 27488 Cannon 


The results also showed that the torsional impulse levels increased with progressive 
cannon wear. The distance to peak torsional impulse as a function of cannon wear for 
the NATO cannon/M203 granular charge combination is shown in Figure 10. The curve 
indicates that the free-run distance increases significantly beginning in 3QTR life. Figure 
11 shows that the increasing free-run distance resulted in increasing peak angular accel- 
erations, to the point where the angular acceleration corresponding to peak pressure was 
exceeded by at least 50%. 


Propellant Effects 


In studying propellant effects, there appeared to be a minimal difference in torsional 
impulse between the M203 and PXR6297 granular charges. However, as illustrated in 
Figure 12, it was clearly evident that the M203E2P stick charge produced significantly 
higher torsional impulse as compared to the PXR6297 granular charge in new and worn 
cannons. In addition, the CII stick charge, even with the lower peak pressure, produced a 
level similar to that observed with the M203E2P stick charge. All of the above observations 
substantiate that torsional impulse is a function of the propellant pressure rise-time (see 
Table IV) and not the peak pressure. 

Specifically, the small difference in torsional impulse between the M203 and PXR6297 
granular charges is consistent with the fact that the rise-times were essentially identical. 
In the 2QTR US cannon, the M203E2 stick charge yielded a torsional impulse level of 
approximately 110% greater than those produced by the M203 and PXR6297 granular 
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Figure 11. Torsional Impulse Versus NATO Cannon Wear 
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charges. In the same cannon, the M203E2P yielded the largest level, exceeding the M203 
level by 160%. Again, these differences appear directly related to the variation in the 
pressure rise-times, since the rise-times of the stick charges are significantly faster. 
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Figure 12. Effects of Propellants on Torsi:nal Impulse for (a) New US 27485 Cannon 
and (b) Worn NATO РТ08 Cannon 


DISCUSSION 


In order to gain a better understanding of the effects of cannon and propellant char- 
acteristics, an approximate relationship estimating the peak angular accelerations is pre- 
sented *: 


2 
- cv 
Ipeak = Ad’ (4) 


where break is the peak angular acceleration, с is a constant defired by с = 27T/C, Т із 
the twist rate, C is the caliber, v is the axial velocity at peak torsional impulse, and Ad is 
the clutch-up distance. 


It can be seen that the peak angular acceleration is strongly dependent on projectile 
velocity at torsional impulse and inversely proportional to the clutch-up distance. The 
axial velocity term increases with increasing free-run distance and faster propellant rise- 
time. Given that torsional impulse is inversely prcportional to the clutcli-up distance, the 
wear profiles exhibiting rapid wear recovery can lead to large torsional impulse. This is 
consistent with the observations that firing with the worn NATO cannons and/or with fast 


* G. A. Benedetti, private communication 
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rise-time propellants yield the largest torsional impulse. For the worn NATO cannons, the 
excessive wear at the origin of rifling results in large free-run distances and the following 
rapid wear recovery results in small clutch-up distances, both of which cont cibuted to the 
large observed torsional impulse. 


In addition, a rotating band which causes the projectile to seat prior to engaging the 
origin of rifling can 'астеаве the free-run, which in t.rn can result in higher torsional 
impulse ievels [Ref 1]. Furthermore, torsional impulse may also be a function of the pro- 
jectile mass properties (particularly weight and polar moment of inertia). Since the axial 
velocity is a function of projectile weight and the inertia torque is a function of projectile 
polar moment of inertia, mass properties may influence torsional impulse. Since all firings 
essentially utilized identical mass properties, these effects have not been characterized. 


Equation 4 can be used to predict peak angular acceleration levels for various charges 
if the torsional impulse is known for a particular projectile, propellant, and cannon. In 
estimating the torsional impulse level for other propellants, two key assumptions are made: 
(1) the distance to peak torsional impuise remains constant and (2) the clutch-up distance 
remains constant. 


These assumptions are valid for wear profiles (near origin of rifling) with rapid wear 
recovery (1.2., 27485, 27708, and PT09) and are not appropriate for weer profiles with slow 
wear recovery (i.e., 27488). In the case of slow wear recovery, the clutch-up distance and 
the distance at point of torsional impulse is dependent on the propellant forcing function. 
Based on the above assumptions, the following approximate relationship is made 


(іш), (2) фы), (5) 


Therefore, the torsional impulse level of а second charge can be estimated, given (1) 
the torsional impulse leve! of one charge and (2) the square of the ratio of the axial velocity 
(at the distance corresponding to peak angular acceleration) of the two charges. This point 
is illustrated ia Figure 13, where the peak torsional impulse is plotted against the axial 
velocity for two cannons, 27485 and PTO8. Each curve represents a constant clutch-up 
distance: 0.85 inches for 27485 and 5.1 inches for РТ08. The predicted curves appear to 
compare well with the actual data points. 


CONCLUSIONS 


The test results showed that with the US M203 graaular charge, early-life US and 
NATO cannons produced minor torsiona! impulse. However, moderate to large torsional 
impulse was experienced in worn US and NATO tubes, with peak levels exceeding (by 50%) 
the angular acceleration associated with maximum axial acceleration. It was also substan- 
tiated that torsional impulse increases significantly (110 to 160%) with faster propellant 
charge pressure rise-time. Furthermore, the test results from a particular cannon/projectile 
combination can be used to predict peak angular acceleration for other propellants in can- 
nons that exhibit rapid wear recovery. Further investigation will be required to determine 
ка the effects of projectile characteristics, particularly the rotating band configuration and 
m projectile mass properties. 
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Figure 13. Peak Angular Acceleration Versus Corresponding Axial Velocity 


The large torsionai impuise associated with worn cannons and faster pressure rise-iime 
charges can be a major design concern because the resulting inertia torques are not usually 
considered in the original projectile design. Torsional impulse can lead to several potential 
problems, including damage to the explosive charge, structural joints, and components. 
The observed torsional impulse levels indicate that the minimum coefficient of friction 
required for friction joints may be about twice that if no torsional impulse was present. 
Since it is likely that large torsional impulses can occur in various cannon/ propellant 
combinations, quantification of the environment is required to assess the reliability of the 
projectile design. 
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ABSTRACT: 


The basic equations which describe the general motion of a projec- 
tile of finite geometry and inertia traveling in a flexible gun tube are 
developed and applied to a conventional round fired in a rifled-bore gun 
tube and a saboted round fired in a smoothbore gun tube. The conventional 
round is permitted six degrees-of-freedom relative to the gun tube, with 
allowance for mass eccentricity, elastic/plastic deformation of the rotating 
band, and bourrelet impact and rebound with the bore. The saboted round is 
permitted "n « 6" degrees-of-freedom (where "n" denotes the number of sabot- 
segments), with allowance for sabot-segment motion relative to the penetra- 
tor, elastic/plastic deformation of the rear bore-riding surface, and sabct- 
segment impact and rebound with the bore and penetrator. Model predictions 
for "balioting" motions of a conventional 37mm round were correlated with 
in-bore radar doppler data. Model predictions for the in-bore motions of 
the 120mm XM829 and 851413 saboted rounds were obtained on both absolute апа 
comparativo bases. 
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1. INTRODUCTION 


As part of the ongoing effort to achieve greater understanding of 
the mutual efrects of projectile in-bore motion and gun tube flexibility, 
this paper is dedicated to the development and application of the basic 
equations which describe general in-bore projectile motion, with allowance 
for impact and rebound with the bore, and without restriction on gun tube 
motion. General considerations are presented first for a generic projectile 
traveling in a flexible gun tube. These considerations are further develop- 
ed for a conventional projectile traveling in a flexible rifled-bore gun 
tube and a projectile with segmented sabot traveling in a flexible smooth- 
bore gun tube. 


Development of the equations for the general, six degree-of-free- 
dom, in-bore motion of a conventional round, with allowance for impact and 
rebound with the bore, as well as application to two distinct 37mm projec- 
tile designs fired from a specially configured test weapon, and correlation 
of model predictions with in-bore radar doppler data (made available by the 
U.S. Army Ballistic Research Laboratory) were accomplished under contract to 
the U.S. Army Research Office, Durham, NC, with funding provided by the U.S. 
Army Ballistic Research Laboratory, Aberdeen Proving Ground, MD. 


Development of the equations for the general, "n « 6" degree-of- 
freedom, in-bore motion of a saboted round with "n" sabot-segments, with 
allowance for sabot-segment motion relative to the penetrator, as well as 
impact and rebound with the bore and penetrator, and application to both the 
XM829 and DM13 rounds were accomplished under subcontract to Honeywell, 
Inc., Defense Systems Division, Edina, MN. 


For all considerations presented, it is understood th.t to achieve 
the desired assessment of the mutual effects of projectile/gun-tube inter- 
action, the formulations developed are to be solved simultaneously with the 
equations of a compatible gun dynamics simulation. 
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2. GENERAL CONSIDERATIONS FOR A GENERIC PROJECTILE TRAVELING IN A FLEXIBLE 
GUN TUBE ў 


Consider a generic projectile, consisting of а principal component, 
secondary comporents and interface elements, traveling in a flexible, rifled 
or smoothbore gun tube, as depicted in Fig. 1. The principal projectile 
component is identified with either the main-body of a conventional round or 
the penetrator of a saboted round. Secondary projectile components are 
id itified with the satot-segments of а saboted round. Interface elements 
are identified with either the rotating band and bourrelet of a conventional 
round or the rear and forward bore-riding surfaces of a saboted round. 
Furthermore, for the purposes of this development, the projectile is consid- 
ered to be semi-flexible in that principal and secondary projectile compo- 
nents are treated as rigid, witn flexibility introducted at interface 
elements. 


Referring to Fig. 1, the reference frame S' is defined as an iner- 
tial, space-fixed reference frame. The reference frame S is permanently 
attached to the c.g. of the principal projectile component. The reference 


frame 5, is permanently attached to the c.g. of the y secondary projectile 
component. Finally. the reference frame So is defined as an intermediate 


reference frame, fixed neither in the projectile nor in the gun tube, whicn 
translates with the principal projectile component along the gun tube axis 
and rotates with it about the instantaneous tangent to the gun tube axis. 
Hence, $ tracks motion of the c.g. of the principal projectile component 
relative to the gun tube; So tracks motion of the gun tube relative to iner- 


tial space; while, 5, tracks motion of the pa secondary projectile component 


relative to the principal component. 


In view of the above definitions, the kinematic relations between 
Зо and S' incorporate gun tube motions, as well as two degrces-of-freedom of 


the principal projectile component relative to the gun tube, namely, trans- 
lational motion along the gun tube axis and rotational motion (projectile 
roll) about the instantaneous tangent to the gun tube axis. Тһе remaining 
degrees-of-freedom depend upon the specific design characteristics of the 
projectile. Аз a minimum, they include the four degrees-of-freedom associ- 
ated with projectile pitch, yaw and lateral translations, and are defined in 
S relative to Зо. Additional degrees-of-freedom are formulated in each Si 


relative to S for the purpose of tracking relative motions between the prin- 
cipal and secondary projectile components. 


2. Equations of Motion 
Treating each projectile component as a rigid body, the equations 
which describe in-bore motio: are obtained by applying the principles of 
linear and angular momenta to each component, in the form 


mã = Ё (1) 
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ай 
dt ^ M (2) 


m - component mass 
- total acceleration of component c.g. 
- resultant load acting on component at its c.g. 


- total angular momentum of component about its C.g. 


=) cm TI а» 


- resultant moment acting on component about its c.g. 


In general, the vectors a and Н incorporate relative motions be- 
tween projectile components, component motions relative to the gun tube and 


gun tube motions relative to inertial space. The vectors F and M incorporate 
loadings due to component weight, propellant gas an "ram" air pressures and 
proiectile/bore and component interfacial contact. 


Since, in general, gun tube motion and projectile/bore interfacial 
loads (which are functions of gun tube motion, as well as projectile motion 
relative to the gun tube) are not known a priori, Eqs. (1) and (2), applied 
to each projectile component, must be solved simultaneously with the equa- 
tions of a compatible gun dyn: ‘cs formulation, such as DYNACODE-G (1]. In- 
deed, such simultaneous solut. 1 is further mandated by the objective to 
assess the mutual effects ог projectile/gun-tube interaction during in-bc e 
motion and, in particular, at shot-exit. For oresent purposes, we shall 
assume the availability of a compatible gun dynamics simulation and restrict 
our attention to development of the in-bore motion formulation. 


Eqs. (1) and (2) comprise an equation set which, as noted above, 
is to be applied to each applicable projectile component. Hence, the 
specific design characteristics of the projectile dictate the required 
number of such equation sets, as well as the constraints within each set and 
between sets. For example, considering a conventional round, Eqs. (1) and 
(2) applied to the projectile main-body comprise the only required equation 
set. Whereas, considering a saboted round with "n" sabot-segments, Eqs. (1) 
and (2) are applied to the penetrator and to each sabot-segment; resulting in 
"n + 1" equation sets. 


Typically, constraints within an equation set relate to the number 
of degrees-of-freedom permitted a particular projectile component. Whereas, 
constraints between equation sets relate to the loadings transmitted across 
component interfaces. In addition, the specific design characteristics of 
the gun-tube bore dictates constraints with regard to projectile roll and/or 
torque transmission at the projectile/bore interface. Hybrid cases employ- 
ing slip-ring or siip-clutch arrangements are not excluded but, rather, must 
te given special accommodation in the projectile characterization at the 
slip-ring or clutch interface. 


2.2 Appiied Loads and Moments 


As was noted above, the loads and moments entering Eqs. (1) and (2) B 
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for each projectile component include contributions due to component weight, 
propellant gas and "ram" air pressure, ала projectile/bore and component 
interfacial contact. The latter loadings (due to interfacial contact be- 
tween projectile components) may be viewed as internal loadings within the 
projectile system and eliminated (via combination of the individual sets of 
equations) in favor of a single set of projectile "system" equations. This 
approach, which has the advantage of reducing the number of equations 
requiring simultaneous solution, is adopted here. 


Considering projectile weight loading, she weight of each projec- 
tile component acts vertically downward at its respective c.g. and, hence, 


contributes to F without contribution to M. 


Considering projectile/bore interfacial contact, it is assumed that 
the rear interface element is oversized and in continuous contact with the 
bore, while the forward interface element is either also oversized or sub- 
caliber -- with allowance for impact and rebound with the bore. Hence, the 
rear interface element transmits continuous loadings which contribute to 


both F and M; whereas, depending upon the specific projectile design, the 
forward interface element transmits either continuous cr impulsive loadings. 


Continuous loading of an oversized interface element includes pro- 
jectile/bore interfacial friction, torque transmission (in a rifled-bore 
= application) and racial compression. Impulsive loading of a sub-caliber 
چا‎ interface element gives rise to "jump" conditions (sudden increments) on pro- 
jectile linear and angular momenta which are evaluated by applying Eqs. (1) 
and (2), integrated with respect to time, to the projectile component under- 
going impact. 


Finally, considering loadings due to propellant gas and "ram" air 
pressure, it is assumed that these pressures are known functions of time only 
and, furthermore, that they are uniformly distributed cver the respective 
projectile surfaces over which they act. Such "effective" hydrostatic 
pressures generate resultant loads acting at the geometric center of, and 
directed perpendicular io, the respective projectile/bore sealing planes 
over which they act. Hence, allowing for general projectile motion relative 


to the bore, these resultant loads contribute to both F and M. 
4. APPLICATION TO A CONVENTIONAL ROUND FIRED IN A RIFLED-BORE GUN TUBE 


The application considered here has been presented in detail in 
[2]. Hence, only salient features are repeated here for completeness. 


3.1 Analytical Development 


For tne purposes of this application, the projectile is character- 
ized as follows: 


( i) the projectile consists of a main-body, rotating band and 
Ll bourrelet; 


a 


. 
. а 


(11) the projectile main-body behaves аз а rigid body of finite 
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geometry ‘nd inertia; 


(iii) the rotating band behaves elastically, with allowance for 
deformation in the plastic regime; radial elastic deformation 
is characterized by a Winkler foundation model, rendering a 
radially directed projectile/bore interfacial load distribution 
(with local magnitude determined by resultant local radial dis- 
placement) which varies circumferentially around the bore, as 
well as longitudinally along the length ot the interface; it is 
noted that the iatter variation gives rise to the so-called 
rotating band "foundation" moment; 


( iv) the bourrelet behaves elastically, with allowance for impact 
and rebound with the bore; 


(у) eccentricity is permitted between the projectile c.g. and 
geometric center; 


(vij the projectile is permitted six degrees-of-freedom relative to 
the gun tube (whose motion is unrestricted), namely, three 
independent rotations of its main-body about its c.g. 
(corresponding to projectile pitch, yaw and roll relative to 
the gun tube) and three independent translations of its c,g. 


In view of the above characterization, Eqs. (1) and (2) are applica- 
ble to the projectile main-body = 4, furthermore, comprise the only required 
projectile-component equation set. 

Letting 7 denote the instantaneous position vector of Зо relative 
о 5* and y the position vector of S relative to So the instantaneous 


position of the projecti e c.g. relative бо S', namely Г, пау be written as 


г = ro + rog (3) 


Allowing So angular velocity, Do» relative to 5’ and differentiat- 
ing Eq. (3) with respect to time, there results the expression for a 


(= d?r/dt?) in the form 


= а, + acg +2 à, X Veg +“ x Poe + W x (б х اہم‎ К. 


اھ 


where 7 denotes the translational acceleration of 36 relative to S', v nd 


a 
aog respectively denote the translational velocity and acceleration of the 


proiectile c.g. relative to 3o» and Wo denotes the angular acceleration of 


So relative to S'. 


For computational purposes, Eq. (1), with a as given in Eq. (4), is 
most. conveniently expressed in component rorm relative to the triad of бо’ 


The interested reader is referred to [2] for details of this exercise. The 
results, presented as Eg. (35) in [2], are 
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where ns denotes the mass of the projectile, Е denotes eccentricity or the 
projectile c.g. relative to its geometric center, Уса апа Zog denote trans- 


lational displacements of the projectile c.g. relative to So: and | و‎ › 
2 ٥ 
جا‎ | р and ( ), denote the components of ( ) along the respective axes of 
о о 
5. 
о 
Allowing 5 angular velocity, Oop? relative to So the total 


angular velocity of the projectile relative to S' is given by 


б = را‎ + Bop (6) 
Differentiating Eq. (6) witn respect to time, there results the 
total angular acceleration of the projectile relative to S', namely 
dù _ 2 = z 
rA Beg + لا‎ × Weg (7) 
Noting that 
й: Î û (8) 


where I denotes the projectile inertia tensor, Eq. /2) is most conveniently 


expressed (to preclude introducing time derivatives of the elements of I) in 
component form relative to the triad of S. The results of this exercise, 
presented as Eq. (36) in [2], are 


11-77 








5018858 81 


5 ә 5 \ x е x . 
М, = Lu w + (12, Ivy? uy w, + liy (о, ш, uy! Ir, (ш, 
22 2 
жш, n - lo fu - ш,) 
Е 1 = w ш I (о о -ш)-1 (u 
My = Ту у + Gk I ) + А 7 y a) 
(9) 
2 2 
+ ш ©) + у (шу - wo) 
= deo s Y 5 oe a Қ 
М, = L. ر‎ ux ly? ш, 6 + ix (шу ws wi) 7 іш, 
+ ©, w) - Puy (ш? - шу) 
where ( و‎ ( ЈА and ( )_ denote the components of (7) relative to the 


3243: 5 denote the elements ОҒ I written 


respective axes of S, and I I E 


Xy 
relative to 5. 


The motion parameters appearing in Eqs. (5) and (9) are defined in 
[2], without restriction on magnitude, in terms of gun tube motion parame- 
ters, rifling twist and projectile motion narameters relative to the gun 
tube. Noting that for most practical applications projectile pitch, у, and 
уам, 9, relative to the gun tube are generally small, although not necessar- 
ily negligible, greatly simplifies the angular velocity and acceleration 
expressions entering Eq. (9), as well as the development of the force and 
moment expressions entering both Eqs. (5) and (9). Adopting this approach, 
Eqs. (5) and (9) result in a system of six simultaneous, non-linear, firstor- 
der, ordinary differential equations for the determination of the six unknowns 


У cg? Zog’ y, $; projectile roll, Фо» (or equivalently, projectile velocity 


along the gun tube axis, Ур)» and the torque transmitted across the rotating- 
band/bore interface, T, as developed in [2]. 


To accommodate bourrelet/bore impact, Eqs. (1) and (2), integrated 
with respect to time, are written in the form 


м Av =F 10 
p 4У (10) 

AH = Û x F + T (11) 
where A( ) den tes the "jump" (or sudden increment) due to impact, 2 denotes 


^ 


the position vector of the impact point relative to the projectile c.g., F 
denotes the impulsive load generated at the bourrelet/bore interface, and 


T denotes the impulsive torque simultaneously generated at the rotating- 
band/bore interface due to the rifling constraint. ہم‎ 
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Expanding Eqs. (10) and (11) in component form relative to Зо and 


S respectively, and introducing the rifling constrair*. and coefficient of 
restitution and, in addition, assuming that the increment in gun tube 
momentum is negligible compared with the corresponding increment in projec- 
tile momentum, there results a set of seven simultaneous, linear, algebraic 
=’ AL y Ay, A9, 


equations for the determination of the seven unknowns Ay. 
%, (or equivalently, 4%), the radial component of the impulsive load, В, 


and the magnitude of the impulsive torque, T, as developed in [2]. 


Hence, Eqs. (5) and (9), in conjunction with the "jump" conditions 
described above, comprise the complete formulation for tre in-bore motion of 
a conventional round fired in a rifled-bore gun tube. As presented in [2], 
the solution technique requires monitoring projectile motion as prescribed by 
Eqs. (5) and (9) to detect the onset of projectile/bore impact, implementing 
tne "jump" conditions at impact, and continuing with Eqs. (5) and (9) between 
rebound and the onset of the next impact. 


3.2 Correlation with Experimental Data 


In order to assess the merits of the model developed, Mr. James 0. 
Pilcher II and Dr. James N. Walbert of the Mechanics and Structures Branch, 
Interior Ballistics Laboratory, U.S. Army Ballistic Research Laboratory, 
Aberdeen Proving Ground, MD, provided in-bore radar doppler data for firings 
of two distinct 37mm projectile designs from a specially configured test 
weapon. The projectile designs consisted of solid, steel cores with copper 
rotating bands and sub-caliber, steel bourrelets. The test weapon consisted 
of a fully instrumented 37mm rifled-bore gun tube, with a constant twist of 
25 calibers per turn and an in-bore projectile travel of 72.5 inches. To 
minimize gun tube m tion, the system design incorporated a heavy, fixed- 
collar supported near the muzzle. 


The modei equations were applied to the test weapon and programmed 
in MBASIC for execution on the APPLE II*" computer, with CP/M" operating 
System. In addition, radial stiffness of the rotating band was modeled 
employing an elastic/plastic thick-walled tube analysis and "ram" air 
pressure was modeled via quasi-steady application of the 1-D shock tube 
relations. 


The model was exercised first for the purpose of determining perti- 
nent friction and engraving data via correlation with experimental data for 
non-balloting rounds. Employing these data, the model was then exercised to 
predict in-bore behavior of balloting rounds; identified Ly the existence of 
secondary peaks in its radar doppler "waterfall" plot [3,4]. Model predic- 
tions of the frequency of bourrelet/bore impacts correlate well with the 
experimentally derived frequency of secondary peaks, particularly in the 
mid-section of the gun tube. However, poorer correlation was realized in 
the neighborhood of the muzzle, wnich may reflect the effects of bore wear 
and dynamic erosion of the rotating band (neither of which are accounted for 
within the model). For illustrative purposes, a typical plot depicting 


model predictions of projectile yaw versus pitch for a balloting round is 
presented in Fig. 2. 
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Fig. 2 - Model Prediction of Projectile Yaw vs. Pitch (Relative tc S') eS 
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Several general observations cited in [2] regarding model »redic- 
tions for balloting rounds are worthy of repeating here. First, tue onset 
of balloting is dictated by the state of the proj:ctile when fully engraved, 
as well as the presence of mass eccentricity. Second, model output for 
balloting rounds reveals high frequency content and large magnitudes in pro- 
jectile/bore interfacial loading and transverse linear and angular veloci- 
ties. Insight into the origin of the high frequency content is gained by 
examination of the expressions for the transverse loads and moments generat- 
ed at the rotating-band/bore interface. Computation of rotating band 
"effective" radial and "foundation" moment stiffnesses correlate well with 
model output frequencies -- indicating that balloting motions are governed 
primarily by the physical design characteristics of the rotating band. In 
particular, three distinct frequencies were readily discernible in the bal- 
loting motion of the projectiles considered; a dominant frequency of approx- 
imately 5,000 Hz, dictated primarily by the response frequency of the rotat- 
ing band in the "foundation" moment mode; a higher, superimposed frequency 
of approximately 50,000 Hz, dictated primarily by the radial response fre- 
quency of the rotating band; and finally, a much lower frequency of approx- 
imately 700 Hz, discernible as amplitude modulation of the dominant frequen- 
cy and primarily attributable to the interior ballistics pressure and pro- 
jectile/bore interfacial friction loads. Third, gyroscopic stabilization 
has a marked effect on the attenuation of balloting; affecting the loads 
transmitted through the rotating band and bourrelet, as well as the linear 
and angular velocities of the projectile throughout its in-bore travel and, 
in particular, at shot exit. Fourth, overall balloting motion as predicted 
by the model is of more consistent nature in terms of frequency content than 
was indicated in the experimental data provided, especiaiiy as the projec- 
tile approaches the neighborhood of the muzzle; which may warrant including 
tne effects of bore wear and dynamic erosion of tne rotating band, as noted 
above. A final observation, although speculative at this point, is never- 
theless noteworthy. Gun tube motion predicticns based on theoretical simu- 
lations generally contain considerably lower frequency content than do cor- 
responding experimental data. Perhaps tnis disparity, which to date has 
been viewed by many investigators as an experimental anomaly, arises as a 
consequence of mutual projectile/gun-tube interaction. Indeed, the rela- 
tively high projectile/bore interfacial loads found to exist in a balloting 
situation lends credence to this speculation. 


4. APPLICATION TO A SABOTED ROUND FIRED IN А SMOOTHBORE GUN TUBE 


ا س 


4.1 Analytical Developmer.t 


For the purposes of this application, the projectile is character- 
ized as follows: 


(1) the projectile consists of a penetrator, n 6 2 sabot-petals, 
an undersized, segmented, forward bore-riding surface, and an 
oversived, continuous, rear bore-riding surface; 


(11) the penetrator and sabot-petals behave as rigid bodies of 
finite geometry and inertia; 


(iii) the rear bore-riding surface behaves elastically, with 
allowance for deformation in the plastic regime; radial 
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elastic deformation is characterized by a Winkler foundation ES 
model (as described for the rotating band in Section 3); p 


(iv) each segment of the forward bore-riding surface behaves 
elastically, with allowance for impact and rebound with 
the bore; 


{у) the penetrator is permitted six degrees-ot-freedom rslative 
to the gun tube (whose motion is unrestricted], namely, three 
independent rotations of the penetrator about its c.g. (corre- 
sponding to pitch, yaw and roll) and three independent trans- 
lations of its c.g.; 


(vi) each sabot-petal is permitted an additional degree-of-freedom 
to accommodate symmetric, as well as asymmetric petal "opening" 
relative to the penetrator during in-bore motion; achieved via 
pivoting of the sabot-petal about its rearmost contact with 
the penetrator. 


In view of the above characterization and the considerations pre- 
sented in Section 2, Eqs. (1) and (2) are applied to the penetrator and to 
each sabot-petal; resulting in a system of "n « 1" equation sets. 


As in the previous application considered, the kinematic relaticns 
between So and S' incorporate gun tube motions, as well as two of the six 


degrees-of-freedom of the penetrator relative to the gun tube, namely, 
translational motion along the gun tube axis, Vp! and roll, Po" The remain- 
ing four degrses-of-frecdom of the penetrator relative to thc gun tube, لے‎ 
namely, the two translational displacements, Yeg and Zog’ of the penetrator 

C.g. relative to Soy and the two Euler angles Ù and $ (corresponding 


respectively to penetrator pitch and yaw) are formulated in S relative to 
So: Allowing for asymmetric petal opening relative to the penetrator, the 


additional "n" degrees-of-freedom of the system are formulated in 5, 
(і-1,2,...,п) relative to 5. Hence, there results а system of "n + 6" 
degrees-of.-freedom. 

The relative orientation of the gn sabot-petal as it pivots about 
the pene ۶ is as depicted in Fig. 3. Referring to Fig. 3, Re and Mp’ 
and Fi and М, denote the resultants of the applied loads and moments acting 


respectively at the penetrator and an sabot-petal c.g.'s. Fip and Мар 


(indicated as dashed) denote respectively the resultant interfacial load and 


| гы 
moment acting on the pon sabot-petal at the pivot interface, with equal and 
opposite reactions (not shown in the figure) acting on the penetrator. 


Applying Eqs. (1) and (2) to the penetrator, there results the 
single equation set 
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(12) 


whereas, applying Eqs. (1) and (2) to each sabot-petal, there results the 
"п" equation sets 


UN а, = Е, + Fip 

= {13) 
dH, E _ А У 
ЗЕ = М, + Mip + A x Fip (i=1,2,...,n) 


Assuming sufficient interfacial load and moment between the pene- 


trator and Р sabot-petal to preclude all but the relative pivoting motion 
depicted in Fig. 3, Eqs. (12) and (13) are solved subject to the constraint 
that the component of the interfacial moment resisting pivoting motion is 
provided by the elasticity of the interface element (e.g., retaining ring). 
That is, the "n" (scalar) constraint equations 


Ж» 


м . ce راو ہم‎ 1 
~ va A 


= = 4 РА Y 
“ip i i , (14) 
where с denotes the "spring" stiffness of the interface element resisting © 
pivoting motion. 


Eliminating the interfacial loads and moments in Eqs. {12) thru VERE 
(14), there results the projectile "system" equation set, consisting of two | 
vector plus "п" scalar equations (or equivalently, "п + 6" scalar equations), 
in the form 


n п 

а +) в.а, = Ё + JF. 
Boo ар к ا‎ Seque 
و ہر‎ jem ж} 
AT + дү +r xm, а,)=М +)М +) г xF (15) 
dt 1:21 at СЕ i i P 42, 1 421 €8 i 
dH. Е : 5 E 7 
۔ کا‎ хм, а, ۔‎ Fy) - M] коз - сф, (141,2,...,п) 


which аге to be solved simultaneously for the "п + 6" unknowns Ур’ Фо» Уса! 
2 ср V, 9, апа 7 021526.) 

Retaining the previous definitions, the translational and angular 
accelerations of the penetrator relative to S' are as given in Eqs. (4) and 


(7), with а replaced by ар and à replaced by Oo» respectively. m 


11-84 








SOIFER & *BECKER 


Letting г, denote the instantaneous position oe of 5. relative 
to S', the translational acceleration of the c.g. of the i sabot-petal, 
namely ays is obtained following the procedure outlined in Section 3. That 
is, noting that 


E as dt (16) 
i P Cg 


there results, differentiating with respect to time 


3 > E " -i 0 zi Е = 24 
5 + + 
а, ар + а + 2 ا‎ х Уса Dae x Pos og x (Wee x B (17) 


Letting پت‎ denote the angular velocity of S; relative to S, the 


total angu*ar velocity of the je sabot-petal is given by 


б. 20 +0 (18) 


Hence, differentiating Eq. (18) with respect to time there results 


d, dà زه‎ А 
Sc AE + Wes + a, x Wee (19) 
Applying Eq. (8) to S for the penetrator and 5, for the і“ sabot- 


petal (to preclude introducing time derivatives of the inertia tensors), 
there results for application to Eq. (15) 


о 
aj Q 
ct! 


dH 
p 


at 


n 
мнн 


т! 


تا 
اہ 
2 


i 


where 7 and i respectively denote the penetrator and +“ Sabot-petal iner- 


tia tensors. 


The applied loads and moments entering Eq. (15) are as defined in 
the previous application. However, unlike the previous application, the 
equations in (15) are not separable with respect to preferred coordinates. 
Hence, the scalar equivalence to Eq. (15j, representing the ccunterpart to 
Eqs. (5) and (9), requires multiple coordinate transformations involving 
tedious, algebraic manipulation. 


Consideration must also be given here to sabot-petal impact with 
the bore, as well as with the penetrator. The former is treated via intro- 
duction of "jump" conditions for m $ n sabot-petals impacting the bore, in 
the form 





2j 





53 


SOIFER & ۸۶ 


n m а 
afi, + ] [ай + RÎ хп A] =) (6, + rer (21) 


п Ü T. 2 3 2 . = 5 ہے‎ 
(м -xm A+ (Ey, t PL x ЕЈ] к, = 0 (4515222 а! 


J 3 
where 114 denotes the position vector of the impact point on the ат sabot- 


petal relative to its c.g. 


As in the previous application, assuming that the increment in gun 
tube momentum is negligible compared with the corresponding increment in 
projectile momentum, the "jump" conditions in Eq. (21), in conjunction with 
the introduction of the coefficient of restitution for еасп impacting sabot- 
petal, represent a simultaneous system of "2m + 6" scalar equations for the 


ск’ св’ М 8ھ‎ 9 
(j21,2,...,m), and the radial component of the impulsive load acting оп the 


Н sabot-petal, namely R, (j=1,2,...,m). 


determination of the "2m + 6" unknowns ^n №, һу 


To accommodate sabot-netal imnacr with the penetrator requires 


modifying tne corresponding petal constraint equation in (14). The con- L^ 


straint equations in (14) are valid provided either 7 > б, or МА = 0 with 
Vi 2 0. If either of these conditions are violated, which would physically 


mean that the sabot-petal is permitted to pass through the surface of the 
penetrator, the corresponding constraint equation in (14) must be deleted, 
with the corresponding value of Vi set equal to zero, and an additional 


sabot-petal/penetrator interfacial load determined. 


Hence. the solution technique requires monitoring penetrator mo- 
tion, as well as the motions of each sabot-petal relative to both the bore 
and penetrator, via application of Eq. (15). The "jump" condit'ons pre- 
scribed іп Eq. (21) are applied at the олзеб of one or more sabot-petals 
impacting the bore, while the constraint equations in (14) are modified -s 
noted above at the onset of one or more sabot-petals impacting the pene- 
trator. 


As а final note regarding our treatment of sabot-petal/penetrator 
impact, a set of "jump" conditions comparable to Eq. (21) could also be 
introduced, however, in addition to further complicating an already intri- 
cate probelm, it is observed that most practical designs e.ploy sabot-petal/ 
penetrator interface threads whose meshing on closure generate frictional 
forces which tend to slow the relative approach. Although these frictional 
forces have not been taken into account here, the treatment presented here 
is more amenable to their accommodation (both for closure, as well as 
opening). 
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4.2 Application to the XM829 and DM!3 Rounds 


The model equations developed above were programmed, along with 
the rear bore-riding surface stiffness and "ram" air pressure models pre- 
viously described, in FORTRAN 77 for execution on the IBM PC (Model 176 with 
8087 Math Co-Processor) under the DOS 2.10 operating system. 


The model was exercised first for tne purpose cf determining per- 
tinent. friction and shot-start data via correlation with experimental data 
provided by the U.S. Army Ballistic Research Laboratory.  Employing these 
data, the model was then exercised for the purpose of conparing the in-bore 
behavior of the XM829 and DM13 rounds, under both cold and ambient tempera- 
ture conditions, and for firings in a simulated, rigid, straight gun tube; 
a simulated, rigid, curved gun tube; and a simulated, moving, curved gun 
tube. Simulation of the curved gun tube emploved an approximaticn for the 
first two bending modes of the 120mm gun tube. Simulation of thc moving, 
curved gun tube employed the above approximation, as well as the scaling of 
75mm ADMAG gun tube motion data previousiy determined employing DYNACODE-G. 
In addition, the model was also exercised for the purpose of identifying 
XM829/DM13 design differences leading to in-bore behavioral differences. 


Model output obtained from these studies are presently being pre- 
pared for Honeywell, In'. Subject to Honeywell's authorization, pertinent 
findings will be presented at the Symposium. 


5. CONCLUSIONS 


The model herein developed is applicable to conventional ammuni- 
tion fired in a flexible, rifled-bore gun tube ага saboted ammunition fired 
in a flexible, smoothbore gun tube. The model predicts general, in-bore 
"balloting" motions, including impacts and rebounds with the bore. for both 
ammunition types, flexibility is introduced at interface elements (e.g., 
rotating band, bourrelet, etc.). 


Considering a conventional round, the model is capable of predict- 
ing the full six degree-of-freedom motion of the projectile relative to the 
gun tube; namely, translational motion along the gun tube axis, lateral 
motions relative to the gun tube, and projectile pitch, yaw and roll. Con- 
sidering a saboted round consisting of a penetrator and "n" sabot-segments, 
the model is capable of predicting the full six degree-of-freedom motion of 
the penetrator relative to the gun tube, as well as asymmetric "opening" 
of the sabot-segments relative to the penetrator. 


Model predictions for "balloting" motions of а 37mm conventional 
round were correlated with in-bore radar doppler data. Unfortunately, the 
data samples were limited and corresponding experimental data for a saboted 
round are not available. Nevertheless, it is expected that the model will 
prove to be a valuable design aid if used appropriately on a comparative 
basis. 


As previously noted, in order to assess the mutual effects of pro- 
jectile/gun-tube interaction during in-bore motion and, in particular, at 
shot-exit, requires the simultaneous solution of the in-bore motion equa- 
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tions with the equations of a compatible gun dynamics simulation. 
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ABSTRACT: 


Resolution of hardware problems in armament systems is generally 
accomplished by a combination of procedures. Certainly the first approach 
is to utilize experience acquired with the same or símilar system, perhaps 
leading to an obvious correction to the problem. 1 a solution does not 
result from this exercise, the next most likeiy step is to instrument hard- 
ware and perform experimental testing. This testing may identify critical 
areas and or components of the system. Invariably redesign is the best 
solution. An alternate procedure is to approach the problem from an ana- 
]ytical point of view. This is not to say the analytical approach can 
replace the first approach, but to rather complement and enhance it. If 
analysis can be applied in the conceptual, and certainly design, stages, 
then ciearly some costly hardware development and testing can be avoided. 


The analytical approach has evolved into a very sophisticated 
methodology. The state-of-the-art in analysis has advanced to include the 
automated generation of the equations of motion for mechanical systems. 
One such equation generating computer code is the Dynamic Analysis Design 
Systems, or DADS[1]. This code is ideally suited for dynamic analysis of 
high rate of fire automatic machine guns. 


The author's latest application of the code is to an externally 
powered high rate of fire machine gun. The kinematics and dynamics of 
critical components such as the bolt and bolt carrier have been analyzed. 


The carrier motion is treated as a constraint and appends to the 
equation of motion of the main gun. The DADS code allows appendage of 
algebraic constraint equation as functions of time and or displacement. 

Bolt rotation is treated in a spatial sense in a planar version of the code. 
This rotation is then analyzed utilizing a constraint equation deriving the 
relationship between bolt angular displacement and bolt carrier linear dis- 
placement. A kinematic study of the chain/track assembly to include stage 
by stage chain slider position has been conducted. 
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AUTOMATED DYNAMIC ANALYSIS OF WEAPON SYSTEMS 


PHILIP D. BENZKOFER, MR. 
US ARMY ARMAMENT RESEARCH AND DEVELOPMENT CENTER 
FIRE CONTROL & SMALL CALIBER WEAPON SYSTEMS LABORATORY 
DOVER, NJ 07801-5001 


THE WEAPON SYSTEM 


System Definition 


The 30-mm Hughes weapon system is mounted on the YAH-64 aircraft shown 
in figure 1. This analysis addresses strictly the weapon, and the aircraft/ 
weapon interface is not discussed. A view of the sysieu can be Seen іа = 
figure 2. Figure 3 shows componentry and interface. There are eight major O 
components including the recoil adapters which connect to the turret, one 
on either side. The turret is considered a ground for the purpose of thís 
analvsis. The major components are: 


index drive assembly 

bolt carrier assembly 

chain drive assembly 

recoil adapters 

blast suppressor 

barrel and barrel support 

drive motor 

receiver assembly 
Figures 4 through 9 are good references for the following desc iption. The 
index drive assembly is mounted on the rear top section of the receiver 
assembly (figure 4). The drive assembly contains a feed sprocket that re- 
ceives ammunition from the gun transfer assembly. The feed sprocket feeds 
rounds to the rotor, and in turn, this rotor feeds rounds to the bolt face. 
The second major component 11 the bolt carrier assembly, which mounts on 


the forward track assembly inside the forward section of the receiver (fig- 
ure 5). The carrier assembly consists of a bolt, bolt carrier, and a firing 


МУ 











Weapon System 





Figure 2. 
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1 INDEX DRIVE ASSEMBLY 5 BLAST SUPPRESSORS 
2 BOLT CARRIER ASSEMBLY 6 BARREL 

3 CHAIN DRIVE ASSEMBLY 7 DRIVE MOTOR 

4 RECOIL ADAPTERS 8 RECEIVER ASSEMBLY 


Figure 3. Weapon System Componentry 
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Figure 4. Index Drive Assembly 
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Chain Drive Assembly 


Figure 7. 


Bolt on Track Assembly 


Figure 6. 





Bolt Carrier Assembly 


Figure 5. 
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pin assembly. The bolt is carried by the bolt carrier and slides back and 
forth on a track (figure 6). The carrier is driven by a slider mounted on 
the roller chain of the chain drive assembly. The chaín drive assembly 
consists of a double row roller chain that rides on four sprocket wheels 
(figure 7). One sprocket drives the chain and the other three simply serve 
аз idlers. One link of the chain has the slider attachment above that en- 
gages the track on the bolt carrier bottom. This slider drives that bolt 
carrier and bolt back and forth as the chain cycles arouud the sprocket 
wheels. The two recoil adapters are located on the forward section of the 
30-mm gun, one mounted on each side of the gun support (figure 8). At the 
aft end, these adapters connect to the gun turret. These adapters absorb 
the recoil force when the gun is fired. The drive motor mounts on the 
lower section of the receiver assembly and is secured in place by three 
bolts. The motor is 5.25 horsepower (HP) with a speed of 11,500 revolu- 
tions per minute (RPM). This provides the drive power required for gun 
operation, An electric brake stops the gun in the open bolt position for 
the next cycle. The receiver assembly slides into place on the cradle of 
the turret (figure 9). This assembly provides attachment and support for 
all the gun components. 


System Operation 

The weapon system of figure 2 is an open bolt and derives all its 
power from the electric motor. The firing rate is 625 * 25 shots por 
minute (SPM). Various burst capabilities are available ranging from 10 


up to 550 rounds. A summary of the operation is as follows: 


The 30-mm gun incorporates a rotating bolt mechanism that is driven 
by a chain drive. 


A 5.25 HP, AC electric motor, mounted on the receiver, drives the 
internal mechanism of the gun. 


Ammunition feeding, loading, firing, extraction and ejection are 
controlled by the motor. 


The firing pin assembly is mounted in the bolt and is attached to 
the bolt carrier. 


The chain drive mechanism converts rotating gear motion to forward 
and aft motion of the bolt assembly. 


The bolt carrier assembly receives this forward and aft motion, 
as well as dwell time, from the chain drive via a slider assembly. 


The index drive assembly transfers power from the vertical drive 
shaft to the feed shaft and rotor. 


The feed sprocket receives the ammunition from the transfer housing 
and feeds the ammunition to the rotor. 


The rotor places the round into the bolt face. 
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Figure 8. Barrel supports Figure 9. Receiver assembly on cradle 





Figure 10. Motor, vertical Figure 11. Vertical drive shaft, С 
drive shaft interface drive sprocket interface | 
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While the bolt carrier is moving forward ` со the firing position, 
the bolt is forced by a cam action to rotate into a locked posi- 
tion. 


The firing pin then makes contact with the chambered round. 
An electrical circuit is compieted to fire the round. 
The system then has four basic groups: 
chain drive 
bolt/carrier 
feed system 
power transmission system 


The central part of the chain gun is а double row of roller chains 
which cycle in a racetrack pattern on four sprockets - one driver and three 
idlers, as shown in figure 7, An accommodating slot in the bolt carrier 
provides space for the transversing slider fixed on the chain. The carrier 
slides on the track. ‘he chain slider provides reciprocating motion to the 
bolt by acting on the T-slot on the underside of the bult carrier. This 

3 chain then moves the bolt and bolt carrier assembly. As shown in figure 5, 

le the bolt carrier assembly consists of a bolt and bolt carrier. The bolt is 
carried by the bolt carrier and the bolt cam pin rotates in the cam slot 
cut in the bolt carrier to lock up with the barrel extension. The bolt car- 
rier moves only fore and aft in an axial direction. All lateral motion of 
the slider in the transverse slot coincides with dwell time for the carrier 
for the firing and feeding portions of the cycle. Af the forward end, this 
dwell allows time for the barrel pressure to return to ambient after firing. 
The firing pin assembly is completely enclosed within the bolt and attached 
to the bolt carrier. The falling of the firing pin ignites the primer. As 
the bolt head passes through the locking lugs in the barrel extension, a 
downward projecting tang on the firing pin is stopped by a block in the car- 
rier track. 


Another aspect of operation is the gearing sequence. The bevel gear on 
the motor shaft meshes with a hevel gear on the vertical drive shaft (VDS) 
as shown in figure 10. The gear reduction from the motor rpm to the ver- 
tical shaft rpm is simply a ratio of gear teeth on each shaft. 


VDS rpm = 17/21 (11,500) = 9310 | (1) 
This is then the VDS rpm. At the base of the vertical shaft there is a re- 
duction from the VDS to the drive sprocket as shown in figure 11. This re- 


duction is then 


drive sprocket rpm = 18/60 (9,310) = 2795 (2) 


4 


a? 
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WEAPON SYSTEM MODELING 


Kinematic Analysis 


Kinematics is defined as the study of the motion of a mechanical 
system without regard to forces. The kinematics of the system shown in 
figure 2 are essentially dictated by the driving motor. The bevel gear 
pair of the motor and vertical shaft initiate the motion of the driveshaft. 
This shaft ultimately drives the drive sprocket of the chain drive assembly. 
The bolt carrier assembly motion then is the result of the drive sprocket 
rotation and consequent chain rotation. Figure 6 shows the chain and bolt 
carrier assembly. One of the sprockets is a drive while the other three 
serve as idlers. A schematic representation of the chain is shown in figure 
12. The chain is divided into eight distinct stages. The chain motion is 
in a clockwise direction as illustrated. Critical dimensicns are also shown. 
Gun system functions are also outiined on the figure. The amount of chain 
travel is denoted as S and its corresponding values are shown at each stage 
position. One cycle of travel of the slider represents one firing cycle of 
the weapon. Figure 13 illustrates the sequence of stages, the values of S 
and the crank angle @. One firing cycle will result from four and one half 
rotations of the drive sprocket. At this point, a stage by stage discussion 
will be useful. Each stage will be described as well as summaries given of 
current chain travel, slider position, range of crank angle values and so 
forth. As the drive sprocket rotates due to motor rpm, the chain is cngaged 
and begins to move in a racetrack type pattern. Note that in stage one, the 
slider is moving transversely and that the bolt carrier assembly is not 
moving. After one half rotation of the drive sprocket, the slider moves 
three inches laterally. The slider sees no rotation during this stage, The 
position of the slider can be measured in a rectangular cartesian coordinate 
system. The value of Sı is defined as rO, where 51 is the current value of 
chain position. Figurel4 gives stage details. Notice the drive sprocket 
rotates from 180° to 270°, or 90° in stage two. The current crank angle 9 
increases from an initial value of 6, to a final value, specifically 270°. 
The total chain travel at tne end of stage two is 5) + S2. Subscripts of S 
denote stages, 5] is stage one chain travel, 52 is stage two chain travel 
and so on. During this stage the crank angle begins at 270° and rotates 
through 720°. The chain slider moves in a straight path with no angular 
motion during stage three. This distance traveled is 7.5 inches. Stage four 
details are shown in figure 14. Stage five is similar to stage one in total 
rotation. At the end of this stage the crank has rotated 990°, or nearly 
three revclutions. Stage six is similar to two and four in that 90° of crank 
rotation takes place. Stage seven is similar to three, in that the chain 
slider moves in a straight line path and sees no angular motion. The final 
stage, eight, is similar to two, four and six as the slider moves in an erc 
of one fourth of a circle. 
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Kinematic Results 


In order to simulate the bolt carrier mechanism motion, a kinematic 
driver is utilized. The drive angle 9 from 0° to 1620°, ог 0 radians to 
Qrradians is incrementally increased. The kinematic model discussed was 
computerized and coded. Figure 15 gives the bolt carrier displacement in 
inches versus drive sprecket rotation in degrees. This displacement begins 
at its initial position and returns to its initial value. Stage one re- 
sults show no motion as expected while stage two results depict initiation 
of carrier motion. Stage three motion is linear in shape and continues to 
be until the initiation of stage four. Displacement in this stage, simi- 
larly to stage two, is curvilinear due to the are type motion of the slider 
around the corner. At the end of this stage, the maximum forward displace- 
ment of the carrier is reached. During stage five, the carrier is station- 
ary and consequently sees no motion. Stage six is identical to four except 
the motion is curvilinear in the rearward direction. Stage seven is identi- 
cal to stage three as the motion is linear but in the rearward or aft direc- 
tion. Stage eight is the final stage and mirrors stage two motion. The 
bolt carrier has completed one cycle or one round of simulated firing after 
eight stagos of motion. 


The dynamic motion of a weapon system is initiated by externally ap- 
plied forces, or disturbing forces. These forces are generally the breech 
forces created by burning propellant gases developed іп the chamber and the 
recoil forces developed by the recoil mechanism. Assuming these are known 
forcing functions and that weapon system drawing information is available, 

a computer model cau then be prepared. This computerization identifies the 
rigid masses, or bodies, and their connectivity to other components of the 
system. In the process cí identifying rigid body motion, components can be 
grouped as composites due to their rigid connections. Such is the case for 
the 30-mm weapon system of figure 2. For example, the receiver assembly is 
vigidly connected to the barrel assembly, aud so forth. Figure 16 shows a 
sketch of a schematic model of the weapon system. Each rigid body mass is 
located from an arbitrary inertial reference frame (IRF) as showu in the 
figure. This frame gives us av absoJute reference from which the defined 
rigid bodies may be located. Reference frames are defined for each of these 
bodies, and are called local reference frames. This local system is assumed 
to be located at the mass center of tue body. These local frames of reference 
are indicated on figure 16. 


Quantification of this schematic model is pertinent at this point. The 
mass located at 3.22 iuches from the 18۲ is a composite of the eight major 
components listed in the System Definition section with the exception of the 
bolt carrier assembly, chain drive assembly and recoil adapters. The con- 
nectivity between these masses is essentially translational; in other words, 
they translate with respect to each other. Тһе freedon of motion of the 
total system із three times the number of defined rigid bodies less the nuu- 
ber of defined constraint 2quations. For this particular model, a constraint 
equation (due to the gearing process) for the bolt carrier displacement must 
be defined. Another constraint that needs to be considered is tre camming 
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action between the bolt pin and the bolt carrier. Figure 5 shows th. olt 
pin riding in the cam siot cut in the body of the carrier. The purpose of 
the camming is the closing and opening of the bolt. To achieve a closed 
system in which the round or projectile can be detonated, the bolt mecha- 
anism is utilized. The bolt lugs move through the mating lug opening in 
the barrel extension and contact the barrel face. The forward motion of 
the bolt carrier causes the cam pin to ride in the bolt carrier slot and 
rotate the bolt. The lugs are now rotated and the bolt is essentially 
locked to the breech or barrel extension. This is commoniy called bolt 
closing. In order to then extract a spent cartridge after weapon firing, 
this closed bolt must be rotated in the opposite direction and the bolt 
pulled rearward. The constraint imposed is then the bolt angle rotation 
as a function of bolt carrier motion. The bolt drawing gives this history, 
and it is utilized in the computer model. 


. this point, a general discussion of the coding of the model is ap- 
propriate. The equations of motion of the defined system will be generated 
by the dynamic analysis design systems code. The number of these equations 
coincides with the number of defined coordinates, or three for each mass. 
The equations of constraint for the bolt carrier are exactly the equations 
shown in tbe kinematic analysis, figure 14. 


In order to utilize the constraint equations of the kinematics section 
in a dynamic sense, a calculation must be made. The motivation for this 
derivation is to define 9 or drive sprocket retation as a function of time. 
Recalling equation (2) of the System Operation section of the report. 





drive sprocket rpm ے‎ 2795 (2) 
Then 
2795 rev _ 1 rev 
60 sec ہے‎ t sec (9) 
Equivalently 
2795 rev . 8 
60 sec 2t sec (10) 


Solving for 6, 


dt‏ فوئر 


6 (11) 


where t is time in seconds. 


This equation for Ө will be substituted into all kinematic equations to 
obtain explicit functions of time for the displacement of the bolt carrier. 
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At each stage cf motion an equation of constraint is defined for bolt 
carrier motion. At the appropriate time these equations are invoked, since 
they are explicit, equations of time. 


An additional feature of the DADS computer code is the utilization of 
the Lagrange Multiplier Method for append the algebraic constraint equations 
to the system differential equations. Advantages of this method, in addi- 
tion to numerical consideration, is the code gives as output these multi- 
plier values at each reporting time step. These multipliers are related to 
the measure of the level of force produced due to the constraint on the 
system. These outputs wili be specifically addressed in the results section 
of this report. 


The input forces are the breech and recoil forces. These two inputs 
are the basis for main gun forward and recoil motion. Negligible motion of 
the nain gun is evidenced in the output. The cyclic time for one round of 
the weapon, detailed in the System Operation section, is in the range of 90 
to 100 milliseconds. The simulation results are detailed in the following 
section. 


Dynamic Results 


Тһе overall outputs of the simulation are shown in figures 17 throug 
28. The acceleration versus time of the main gun is given in figure 17. © 
Similarly, linear and angular displacement, linear and angulsr velocity and 
angular acceleration of the bolt versus time are shown in figures 18 to 23. 
Time varying values of bolt carrier displacement, velocity and acceleration 
are shown in figures 24 to 26. The main gun motion is slight due to the 
recoil adapters. Consequently, small velocity values are attained during 
the cycle. The bolt motion is identical to bolt carrier motion for all 
stages except during stages four and six, at which time the bolt locks to 
and uniocks from the barrei extension. From figure 18 note that in stage 
one there is no boit motion, and similarly for a portion of stage four. 
During stage five, dwell time is required for bolt lock and firing, conse- 
quently there is no bolt motion during this time. In stage six, unlocking 
of the bolt frem the barrel extension results in bolt motion. During stage 
seven the bolt is being carried by the bolt carrier. The bolt also extracts 
and ejects the cartridge case. This action is not modeled. At the end of 
stage eight the bolt is in its initial position for the next round. Figure 
19 shows the angular position of the bolt over the full cycle. The effects 
of bolt locking, dwell and unlocking are shown. The linear velccity of the 
tolt is shown in figure 20. There is no bolt velocity during stage one. 
In stage two the velocity increases to a peak value of approximately 300 
inches per second. During stage three this velocity remains constant. In 
stage four the velocity goes to zero. 11e bolt is closed and at rest. In 
stage five there is no bolt velacity due to dwell time. During stage six 
the linear velocity increases to approximately -300 inches per second the 
negative sign denoting the rearward direction. During stage seven this 
velocity is maintained and in stage eight this vaiue goes to zero. This is f 
the end of the cycle. The angular velocity is shown in figure 21. The ve- Ww 
ocity is zero except at bolt lock and unlock. The maximum rate is approx- 
imately + 500 radians per second. The linear and angular accelerations are 
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shown in figures 22 and 23. The magnitude of angular acceleration in 
figure 23 is larger for bolt locking than bolt unlocking, due to the fact 
the carrier velocity is greater at locking time. Bolt carrier displace- 
ment, velocity and acceleration are shown in figures 24 through 26. Peak 
velocities are approximately 280 inches per second, and depict typical 
chain gun velocity profiles. 


The last two figures, 27 and 28, represent the values of a term 
called the Lagrange Multiplier discussed earlier. The results of their 
influence on the system equations are shown in these multipliers. Аз a 
paraliel, suppose one has a revolute or pin joint connecticn between two 
bodies. Then in the DADS code the two multipliers are calculated for 
this joint connection - one representing X-direction and the cther У- 
direction. These values turn out to be the reaction forces at the pin 
connection. In a similar manner, then, measures of constraint are cal- 
culated for the equations discussed above and are shewn in figure 27. A 
second constraint built into the model is the equation represenving the 
effect of the cam path. The results of the inclusion of this equation 
into the model is output of the Lagrange Multiplier as shown in figure 28. 
These multipliers can be resolved into physical units with appropriate 
vector and maxtrix multiplication, but are not in this paper. 


CONCLUSIONS AND RECOMMENDATIONS 
This modeling effort was based on constained bolt carrier motion. о 

ТЕ the model were to incorporate the modeling of gear interface and inter- 

reaction, then some detailed results could be attained. This assumes that 

gear modeling modules are available for dynamic analysis. Extensive mathe- 

matics have been generated in the area of gears, higher pair joints and so 

forth. However, extensive dynamic algorithms embellished in a code are not 

available, This type of dynamics modeling capability would be a strong 

feature. The application in a sense drives the need for complex equation 

generating computer codes. 


This particular effort emphasized constraint equaticn application to 
two main areas, these being bolt lockup and unlock and enforced displace- 
ment as a function of time. The DADS code was utilized to accomplish this 
analysis by incorporation of constraint equations as an appenaage to the 
governing equations of motion for the system. Resolution into actual forces 
needs to be addressed. ۱ 


This mathematical model is a good working model for the 30-mm chain gun. 
The model cau serve as a basis for future model development in support of 
the lightweight compact armament system (LWCAS) program. Considerations 
may be identification of crirical components in terms of their performance 
and/or material. Determination of system malfunction due to mechanical or 
thermal failure may well be important. In anticipation of parametric eval- 
uations of componentry and connectivity, this analysis effort has identi- 
fied basic component groups and simulated their performance. The input or 
driving force to the system was described as carrier constraint require- 
ments. This input could be motor torque and consequent drive sprocket re- 
action. As an initial level of effort, the system has been defined and 
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modeled and simulation results have been obtained. Continuous interface 
аз an integral part of the lightweight program will be essential to 1ш- 
prove and extend the modeling effort. As extensions are made to models 
such as in the lightweight program, modules or libraries of subsystem 

and/or componentries can be developed, improved, extended and optimized. 
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Effects of Recoiling Mass 
Reduction of Active Recoil Control 


Authors: Philip E. Townsend, ARDC, FSL 
Robert F. Gartner, Honeywell, Inc. 


The trend in aircraft armament has been toward increased impulse to the 
point that mechanical recoil control is marginally acceptable in terms of peak 
force leveis. Exploratory concept testing has shown that peek recoil forces 
generated by automatic cannons can be reduced 18 much as 75% using hydraulic 
activators controlled by a microprocessor. This concept has been demonstrated 
on both t.e 30MM Chain Gun (M230) and 30MM Gatling Guns (CAU-13/A) using many 
of the same components. The latest thrust in aircraft armament design is towards 
drastic component weight reduction. This trend forces a trade-off between peak 
recoil force and recoil travel. This paper will address the issues relating to 
this trade off as applied to the Constraints of the Family of Light Helicopters 
(LHX) Armament Concepts. 
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l. INTRODUCTION 

There is an ever present need to improve weapon systems. This paper 
offers a means of improved effectiveness by the routes of increasing the hit 
probability of existing weapons or upgunning with new weapons. The technical 
area for future improvement is the interface area of weapon recoil dynamics 
and gun pointing control. 


In the recent past, very little could be done to relieve the sharp 
recoil loads without serious degradation to the operation of the qun. "There 
are .50 caliber machine guns that will not fire consistently when mounted on 
recoil adapters that smooth out the recoil forces. This applies to the entire 
class of self-powered guns. However, the externally powered guns will fire 
regardless of the recoil loads. This feature now enables recoil force control 
to be separated from gun function gaining the benefits of lower and smoother 
forces on the supporting structure. 


The paper is divided into two parts: 
Part 1 - Describes the recoil device and its relative 


benefits applied to the 30mm M230 weapon on a proposed mounting for the LHX 
helicopter. 


Part 2 - Describes how to use closed form equations for a 
simple analysis that enables the designer to make tradeoffs between peak 
recoil force and reccil travel. 
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Part 1. Active Recoil Control versus Reduced Recoiling Mass 


The basic consideration of the armament design in mounting the 
subsystems for helicopte:. s to minimize the peak forces transmitted to the 
helicopter. These forces typically have a very fast rise time as the gun 
fires to some peak force that is determined by the recoil control design; This 
is also the point of maximum recoil. At this point the stored energy of the 
recoil spring drives the weapon back through its original position and beyond 
with sane amount of overshoot, again depending on the recoil control design. 
Current helicopter design practice limits the peak force to about 3000 pounds. 
Because of the vibrational nature of these repeated peak forces and counter 
recoil forces, certain firing rates must be eliminated from consideration due 
to the helicopter's sensitivity to certain harmonic frequencies. This problem 
waS SO Severe in some early helicopter armament developments that dangerous 
tail assembly motion was recorded as well as vibration in the crew compartment 
that shook needles off of flight instruments and blackened the gunner's eyes 
as he attempted to sight the weapon on the target. 


It was this situation together with the trend toward ever increasing 
weapon impulse with each new attack helicopter development that brought about 
the consideration of active recoil control. The objective of the active 
control system is to control the weapon dynamics during the firing process to 
reduce the peak forces to a minimum, Early studies indicated that with proper 
design of the spring mount and controlling the firing point of the weapon, a 
siginificant reduction was possible. Unfortunately, this control of the 
firing point is difficult with externally powered weapons because of the 
inertias involved with starting and stopping the weapon mechanism. 


It was at this point that two changes were incorporated into the 
concept. The first was out-of-battery firing of the weapon. This was a 
concept that had been evaluated for artillery weapons to reduce recoil forces. 
The concept was to drive the recoiling mass forward (out-of-battery) until its 
momentum was equal to one-half the momentum of the anmunition. When fired at 
this point, one-half the energy of the ammunition is used to stop the forward 
motion of the weapon's mass, the other half of the ammunition's energy drives 
the recoiling mass to its original position (battery). This concept not only 
reduced the recoil peak force but also minimized recoil displacement. The 
other change to the normal mount concept was the addition of a computer 
controlled hydraulic actuator to control the weapon's motion, The computer 
was provided sensor data on the gun's dynamics, ammunition impulse and firing 
rate. This data allowed the computer to control the hydraulic actuator which 
in-turn controlled the gun's motion. The computer could anticipate the gun's 
firing point and could correct any variations from the norm established by the 
basic design. 


This concept successfully demonstrated a 75$ reduction in peak recoil 
force using both the M230 30mm automatic cannon that is mounted on the Apache 
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Attack Helicopter and the 30mm GAU-13/A four-barrelled version of the gatling 
gun mounted on the A-10 Close Support Fighter. The same computer (Motorola 
6800), hydraulic servo-valves, and sensors were used on both guns even though 
the GAU-13/A has an impulse nearly three times that of the M230. Naturally 
the Lydraulic actuators had to be designed for the particular application to 
provide the proper force levels and stroke differences. The weight, impulse 
and firing rates of these two weapons were such that a reasonable recoil 
Stroke couid be achieved with the design. 


But what happens when the interrelated factors of the design does 
not allow the optimum solution? The latest entry into the attack helicopter 
arena is the LHX, an ultra-light weight, highly complex weapon system planned 
for fielding in the 1990's. This helicopter is to fly nearly fifty demanding 
missions that requires high mobility and maneuverability. The attack version 
is targeted to weigh 8000 pounds, significantly less than today's attack 
helicopters, but it is to have equal to or greater performance. The design 
will incorporate the latest technology in the application of composite 
materials to reach this weight goal and to achieve the desired dynamic 
performance chatacterisics. In the case of the armament subsystems, the 
demand is for more firepower coupled with reduced weight. Figure 1 illustrates 
the armament weight allocation associated with the current Cobra helicopter 
and from a straight percentage of weight distribution what this would be for a 
350 pound LHX armament system 
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One of the early candidate guns for the LHX was the M230 autamatic 
cannon used on the Apache Attack Helicopter and tested with the active recoil 
control concept described above. The current weight of the M230 is 
approximately 122 pounds. Analysis of the gun design has lead its developer 
to project a weight reduction to 85-90 pounds which is near the projected 
weight allocation shown in Figure 1. 


But what does this reduced mass do to the dynamics in the active 
recoil control concept? 


Another factor effecting the recoil control design is reduced rate of 
fire. The LHX will carry a reduced quantity of ammunition to meet weight 
constraints. The projected design philosophy is to increase the weapon 
accuracy to maintain the same level of effectiveness with fewer rounds of 
ammunition, In transitioning from the traditional area fire design to get as 
many rounós on target in the shortest time to the point target design of high 
first round bit probability, the rate of fire can be reduced. By reducing the 
rate of fire the loading on tbe aircraft is reduced as well as reducing the 
power required to drive the weapon. 


But what does reduced firing rate do to the dynamics in the active 
recoil control concept? 


Both factors - - reduced recoiling mass and reduced firing rate - - 
increase the weapon displacement. However, this displacement must be limited 
because it affects the volume of the weapon turret which is normally the way 
the weapon is mounted in tbe helicopter. The turret approach is used to allow 
wide angles of coverage and fast response attack of targets in the 
helicopter's perimeter. 


The volume subtended by the recoiling weapon establishes the volume 
of the turret which in turn relates to the weight and voiume required to mount 
the subsystem in the helicopter. 


Another aspect of the recoil travel is the distance the gun 
translates along its aim line. Maintaining that aim line accurately during 
the translation is more difficult as the distance increases. 


The recoil travel also effects the ammunition feed system interface. 
The ammunition must travel through a chute from the magazine used to store the 
ammunition to the gun which is being directed over wide excursion angles by 
the turret. This feed chute must be allowed to flex in roll and fan positions 
as it travels the route from the magazine to the ammunition feeder of the 
weapon. Long recoil travel can contribute to reduced reliability of the 
feeding operation as the ammunition is transported along the complex path of 
the chute that culminates at a rapidly oscillating weapon, Yt is obvious that 
the designer is left with a trade off situation with the design parameters of 
recoiling mass, rate of fire, recoil distance and peak recoil force for a 
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particular round of ammunition. As indicated previously Part 2 of this paper 
describes a simple analysis using closed form equations to enable the designer 
to evaluate these tradeoffs. 


Part 2. Trade Off Analysis 


The forces that are applied to the weapon fram the gun mount are 
the ones being discussed. The pressure forces are not considered in detail as 
the recoil adapters prevent the pressure forces fram the firing of the gun 
from reaching the mcunt. The pressure forces are considered as impulses 
applied to the recoil adapters at the firing rete. 


The two main modes of gun recoil motion that are considered are in- 
battery and out-of-battery. These are described briefly as follows: 


In-battery: This is the normal recoil operation in which 
the gun does not move until the gun fires. Since it is the classical recoil 
motion that is used with the first autamatic weapons it is well understood and 
easily visualized. Its major advantage is its simplicity - a spring damper 
System is all that is needed. Another advantage is that the recoil stroke is 
short. The tradeoff is large recoil forces and short recoil motion versus 
lower forces and longer recoil motion. As indicated above short recoil is 
desireable, unfortunately the resulting forces are very large and oscillatory 
-ideal for stimulating vibrations. Also the large accelerations of the qun 
responding to the large recoil forces make the connection to the external feed 
complicated. 

Out-of-battery: In this mode the gun recoil motion starts 
before the gun fires. This mode requires an intelligent system that 
synchronizes gun firing with proper recoil motion. The gun actually fires at 
the end of the forward stroke. The main advantage of this mode is the recoil 
forces can be reduced to the lowest constant value consistant with the gun 
firing rate and the ammunition impulse. It also has the shortest recoil 
stroke for a constant recoil force level. The disadvantage is the 
synchronizing system that, requires controllable force actuators to be used 
instead of simple spring mechanisms, 

The simple formulae presented are applicable to automatic guns 
firing at constant rates of fire. The first assumption is that a recoil force 
is constant during the time of its application. This assumption eliminates 
the complexity of including the force variation with recoil travel which 
requires knowledge about the type of force actuator. The second assumption is 
that the gun forces are applied continuously during a firing burst. 


The first equation defines the average recoil force. It is equal 
to the impulse of the ammunition multiplied by the firing rate in shots per 
Second, This equation, based upon the conscrvation of momentum, holds for both 
recoil modes. This force is used as the basis to compare the forces of both 
recoil modes, This is the lowest possible recoil force and can only be 








reached in the out-of-battery firing mode. 
FAVG = I*R Equation 1 


where: 
FAVG = average force (pounds) 
I = ammunition impulse (pound-seconds) 
R = shots per second (l/seconds) 


The second equation relates the dither distance (recoil travel) to 
the firing rate, recoiling mass and ammunition impulse. This equation is 
based on the out-of-battery firing mode operating at the average force level. 
It represents the largest travel necessary to smooth out the recoil forces. 

It is used as a standard to campare recoil dither distances. 


ХСЕ = I/(8*M*R) Equation 2 


where: 
Xcr = Constant Force Recoiling Dither Distance (feet) 
M = Recoiling mass (slugs) 


By simple algerbraic manipulation the recoil forces for both the 
in and out-of-battery modes can be written in terms of the average force, FAVG 
and constant recoil dither distance, Хср. 


Figures 2 and 3 illustrate the result of these manipulations. 
Figure 2 shows the constant force, Fayc,over the firing cycle for one shot, T. 
Е] and F9 illustrate the trade off of peak recoil force versus recoil travel. 
Хср is the recoil travel based or. equation 2 and X is the travel if the peak 
force Еј is applied for time Ті and Е) is applied for time Tg. Figure 3 is 
actually two curves, The upper curve is the ratio of F]/FayG versus the 
Х/Хсе, The time ratio T/T, that Ру 15 applied found on the upper border of 
the plot. То/Т, the cam»lement of T/T, is found on the lower border. 


An example of how Figure 3 can be used is as follows: 
Constant Force Condition 


'The M230 Weapon with muzzle brake is to fire at 625 shots per 
minute.The data for this condition is: 


(1) Recoil Weight 122 pounds 
(2) Ammunition Impulse 47.5 pound-seconds 
(3) Shots per second 10.4 (625 shots per minute) 


Equation 1 yields FAyG = 495 pounds 
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Equation 2 yields Xcp = 1.8 inches 
This gives the normal constant force solution for the M230 weapon. 


Reduced Mass Condition 

X£, however, the gun weight is reduced to 60 pounds as required 
to meet the ТИХ requirement, Xcp = 2.75 inches. If the desired recoil travel 
is 1 inch, as an example, the ratio of X/ycr = 1/2,75 = .36. Using Figure 3 
es shown by the dotted line yields: 


Fi/FayG = 2.95 ТТ = 0.) T = 0.096 seconds 
Fo/FayG > 0.34 T2/T = 0.3 
Then Fy = 2.95 x 495 = 1460 pounds 
Fo = 0.34 x 495 = 168 pounds 
Ті = 0.0096 seconds 
T5 = 0.0864 seconds 


ІС both the gun weight and the rate of fire are reduced, the data for 
this cordition is: 


(1) Recoil Weight 80 pounds 
(2) Ammunition Impulse 47.5 pound seconds 
(3) Shots per second 5.0 (360 shots per minute) 


Fav; = 237.5 pounds 
XCF = 5.73 inches 


If the desired recoil travel is still і inch: 


X/Xcp = 0.174 T= 0.200 seconds 
Fi/FayG = 4.57 T/T = 0.045 
Fo/FayG = 0.219 T2/T- 0.955 
then Еу = 1085 pounds 
Fp = 52 pounds 
Ті = 0.009 seconds 
T2 = 0.191 seconds 
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From the examples, it can be seen that the curve form is a useful tool 
to quickly evaluate the various trade offs considered in using an active 
recoil control system. As indicated previously these are idealized 
conditions and the solutions are conservative. However, the force levels 
predicted are significantly below what would be expected for the system using 
ordinary spring-type recoil adapters. A more sophisticated simulation can now 
be used to generate the actual control algorithms, LHX armament subsystem 
will be a challenge in terms of weight reduction and aiming accuracy. It is 
apparent however, that the recoil can be controlled within acceptable limits 
if active control is employed, 
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ABSTRACT: 


In response to requirements placed upon the Howitzer Improvement Program 
(HIF) system, a new gun mount was required to support new cannons. From the 
system requirements a system model must be developed to determine component 
characteristics, system performance, and ccmponent interactions. This model 
is derived from Newton's second law of motion with appropriate simplitying 
assumptions of the various reaction forcing functions. 


The model derived wili provide accurate results for a gun mount system. 
It is used for gross simulation of a gun mount and for development of recuired 


subassembly operating characteristics. 
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1. INTRODUCTION 


As part cf the Howitzer Improvement Program (HIP) for the US Army 
improvements to the main armament system were required. These requirements 
are based on deficiencies identified in the field artillery Mission Element 
Needs Statement (MENS) and derived from analysis done under the Enhanced Self- 
Propelled Artillery Weapons System (ESPAWS) and Division Support Weapons 
System (DSWS) programs. These improvements are to help meet the need to 
provide continuous and close field artillery fire support to the maneuver 
elements of mechanized infantry and armored forces during the 1990-2010 
timeframe. This will be accomplished by providing improved indirect fire 
support with empuasis on responsiveness, survivability, terminal effects, and 
reliability availability and maintainability (RAM). 


After compiling the results of the ESPAWS and DSWS analysis, it was‏ چا 
concluded that the present 155mm ве1Ё-ргоре11е4 artillery main armament system‏ 
was incapable of being adapted or modified to meet all the requirements placed‏ 
upon it under HIP. Therefore, the new main armament option of the DSWS‏ 
program was persued. Only the efforts on the gun mount portion of the new‏ 
main armament assembly will be discussed in this paper. Design requirements‏ 
and the system modeling of the derived configuration wiil be presented to‏ 
illustrate the methodology used 1n developing the new gun mount.‏ 


2. DESIGN REQUIREMENTS 


Along with th capabilities of the present mount, the additional 
design requirements can be lumped into two main groupings. Those addressing 
RAM (increased operational availability) and those addressing survivability. 
terminal effects, and responsiveness. These requirements were derived from 
overall system performance requirements for the DSWS program. A system 
requirement was placed on the gun mount that it be retrofitable into the 
M109A2/^3 SPH. 


The war time operational availability requirement established for 
the self-propelled howttzer system was 75%. This requirement is a significant 
increase over the 51% of the present M10942 system. To meet this requirement, 
both a reducticn of mission criticai failures and a drastic reduction of 
maintenance and administrative logistic down times were required. After a 
subsystem analysis and reliability aportionment, the gun mount mean rounds 
woe between operation mission failure (МЕВОМЕ) requirement was 12,200, 

significantly greater than the present M178 gun mount at 5960. The mean time 
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to repair (MITR) an operation mission Lailure requirement was 1.3 hours again 258% 
much lower than the present gun mount's 4.0 hours. It should be noted that ап مان‎ 
operation mission failure is detined as a failure that prevents the main 

tmament from firing a maximum range of 9.8 kilometers at a rate of 4 rounds 
ver minute. These requirements required a semi-redundant, modular 
configuration. 


Requirements were placed upon the gun mount that reflected required 
capabilities defined by analysis of system requirements. To meet the system 
survivability, it was required that all mission essential components of the 
gun mount, such as the recoil brakes and the recuperators, be provided 
ballistic protection equal to at least 1.25 inches of 5083 aluminum armor. A 
sustained rate of fire of 6 rounds per minute was required to minimize system 
exposure, an increase over the present 4 rounds per minute. To meet the 
system terminal effects requirements, the gun mount was required to 
accommodate a larger and heavier caunon assembly. To meet the system 
responsiveness requirenents, the gun mount was required to allow the system to 
fire all missions in all of three scenarios. These scenarios represented 
sustained, intense, and surge conditions in wartime. This required cooling of 
the gun mount to prevent heat buildup. 


3. THE GUN MOUNT MODELING 

The design of the new HIP guu mount progressed in two phases. 
First, a system level development and modeling phase was executed to define 
subsystem requirements, performance, and characteristics and to 111م ہہ‎ 
overall gun mount characteristics. The second phase for subsystem design and 
detailing commenced once the requirements and parameters were set for each 
subsystem in phase one. A discussion of only the systems modeling used in the 
first phase will be presented in this paper. 


The system level effort defined the approach to be taken to meet the 
requirements placed on the gun mount by the overall system specifications. 
The concept definition process will not be presented here with all its system 
and RAM modeling, trade-off's and howitzer system requirement 
redefinitions. The gun mount concept is summarized and presented for 
background material. ‘They include: 


a) Dual independant modular Recoil Brakes 
b) Dual independant modular Recuperators 

c) Tube sleeve interfacing cannon and mount 
d) Dual elevation/equilibration cylinders 
e) Armored cradle 


To derive predictions for gun mount performance and subsystem 
requirements, a mathematical model of the system was developed. This model 
treated the recoiling parts as a point mass and lumped all characteristics at 
that point. The behavior of this point which represents the recoiling mass is 
one dimensicnal with respect to the gun mount cradle and can be defined with 
respect to one coordinate, x, and must follow Newton's Law of motion: 
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The net force applied (1bf) 
The point mass on which the force is 
acting (slugs) 

х = Acceleration of the point mass (in/sec2) 


Xm 
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Upon inspection of Newton's equation, the mass is readily obtained 
from summing the estimates for the recoiling parts. The force, F, is not as 
simple. The forces acting upon the recoiling parts are shown in Figure 1. 

The force applied to the recoililng parts is a function of both the 
displacement, x, velocity, х, and time, t. The force, F can be defined by. 


Е = BF(t) + Wr Sin8 - Tubefr - KREC (x,X) 
- KRECUP (x) (2) 


Where: 

BF(t) - The net force applied to the recoiling mass 

by the propellant gases as a function of time 

Wr - Weight of the recoiling mass 

9 - Angle of elevation (Deg) 

Tuber ~ frictlonal force applied to the recoiling 
mass by its bearings 

KREC (x,x) - force generated by the hydraulic recoil 
brakes as a function of displacement and velocity 

KRECUP (x) - force generated by the pnenmatic 
springs used for recuperation. 


мо The breech force BF(t) is defined by „һе specified projectile, 
charge, and cannon to be used and their physical and thermal condition and is 
obtained from interior ballistic analysis of the combination specified in the 
requirements. Thus, the breech force is assumed to be given for the analysis. 


The component of the weight of recoiling parts in the directisn of 
the cannon axis in the direction of recoil is obtained by the product of: 


Wr з1п0 (3) 


and is constant throughout each simulation. The weight of the recoiling parts 
is a design variable aud is traded off wich non-recoiling weights to optimize 
the gun mount with respect to all of the requirements and limitations placed 
upon the main armanent system. 


The tube friction is assumed to remain constant throughout the 
recoil cycle by neglecting any drop in the coefficient of sliding friction 
between the slide surfaces and the bearings. This can be done with little, if 
any loss ía accuracy due to the low magnitude of the forces with respect to 
the other forces acting. 


The value of the recuperator force, KRECUP, is a function of the 
displacement of the recoiling parts by the gas law. 


P = PO*(VO/VO-APCR*X) )**1.4 








PO ~ Initial Nitrogen precharge pressure (psi) 
vO - Initial nitrogen volume (in3) 
APCR - Area ot recuperator piston (in 2) 


And the pressure obtained above by: 
KRECUP = (Arecup * P ~ Sealtr(P)) х NRCP (5) 


Where: 

Arecup - Is the tu area of one 
recuperator piston (in^) 

Sealfr(P) - Is the total seal friction gener- 
ated within the recuperator by the piston and 
rod seals (1ЪЕ) 

NRCP - Is the number of recuperators used in 
in the system 


The recuperator model presented is tor a pneumatic recuperator. 


The force generated by the recoil brakes, KREC, are the most 
important torce in arresting the recoiling messes of large caliber guns. They 


are also the most complex to control and model. The derivation presented here 
pendent hydraulic brake with an interral snear buffer. Tf an 


is fur ай independe: it hyarauiic br ze: enol gras. срезе 
external buffer is to be used, the buffing force is removed from the brake and 
stands alone in equation (2). © 


The recoil braking force is modeled by the following expression: 
КВЕС = (АВЕС * Pr + RECFRIC(Pr) - Kbuff) * NREC (6) 


Where: 
АВЕС - the effective area of one recoil piston 
Pr - the pressure developed in the recoil brake 
by the throttled oil (psi) 
RECFRIC(P) - frictional force generated by re- 
coil rod seal (lbf) 
Kbuff – force created by the integral spear 
buffer (lbf) 
МКЕС - number of recoil brakes in the configuration 


The area of the recoil piston is another design parameter which can 
be considered in trade-offs. This area affects both size and weight of the 
gun mount by influencing cylinder spacing, wall thicknesses, maximum and 
operating pressures required to produce the desired recoil brake force, etc. 


The recoil brake oil pressure is the most important and most 
difficult to model accurately At this phase, one is not doing the detailed 
designiug of the brake but just coming up the required characteristics of the 
brake such 25 recoil distance, piston area, braking force vs time, recoil and 
counter-recoil velocities vs time, recoil oil pressure vs. time, etc. Thus, ж. 
eftects that must be accounted for during the actual desiyning of the brake, “ел 
such as elongation of the recoil rod and cylinder, expansion of cylinder 
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walls, compression effects of the hydraulic oil, actual control rod 
dimensions, and variation of discharge coefficients, can be neglected allowing 
for a model that will not design your brakes but will allow you to design the 
system and 1٤٤ performance characteristics with a great degree of accuracy. 


The oil presesure is calculated from: 
Pr = ((VO/CD * AREA)) **2) *w/ 772.8 (6) 


Where: 

VO - estimated volume of fluid which is required 
to flow through the control orifice (113) 

CD - discharge coefficient for the control orifice 
(assumed constant) 

AREA - area of control orifice (in2) 

W - density of the hydraulic fluid at the pressure 
of the previous time step (lb/in3) 


Either the pressure or the area is given to the equation. If the model is on 
an initial optimizing run, the required pressure is calculated from the 
required total recoil brake force. If the model is on a variation run, the 
control orifice areas from a previous run are provided. 


Now, with all components of the force exerted upon the recoiling 
mass defined, a computer code was developed around equation 1 with the 
required input/output routines, all routines required for cstimating values of 
parameters, and an integration routine. A simple Trapezoidal rule numerical 
integration scheme was used because of its self starting capability and 
simplicity along with a fine step size of five ten thousandths of a second to 
retain accuracy. 


The computer code must have, for an optimizatiíon run, a total 
retarding force vs time curve which the system is expected to follow as close 
as possible. This curve is illustrated in figure 2. The curve presented is 
that of a trapazoid. Use of this curve minimizes the value of KO but increases 
Shock loads. Other curves, such as sinuoidal, ramp, triangular, each could be 
substituted as required depending upon system requirements and optimization 
restrictions. 


4. MODEL RESULTS 


The computer code developed from the model that was discussed was 
used іп the system definition of the new gun mount which ia to meet all of the 
design requirements. The model was evaluated for accuracy by modeling both 
the M178 and M174 gun mounts. Actual and predicted performance are presented 
in figures 3 for the H178 gun mount and figures 4 for the M174 gun mount. 


The resulting design of the new gun mount is depicted in figures 6 
and 7 with predicted performance in figure 8. Prototype hardware is in 
fabrication with testing expected to begin in September 1985. 
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KREC (x, ар 
KREC (x) ٭‎ ۰ 


Figure 1 


Force 





Time 


KO - Steady state total retarding force 

KF - Final total retarding force at completion of recoil 
KI - Initial total retarding force 

TI - Time at which KO level is initially reached 

T2 - Time at which KO level is dropped 

TR - Time to recoil 


Figure 2 
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Time (sec) 


Actual and Predicted Total Retarding Force vs 
Time for the M178 Gun Mount 


Figure 3 
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Actual and Predicted Total Retarding Force vs 
Time for the M174 Gun Mount 


Vu Figure 4 
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Title: Measurements of Muzzle Blast Shaping and Loading 
Exerted Upon Surrounding Structures of Aircraft 
Guns 
GERT PAULY 


Erprobungsstelle 91 der Bundeswehr 
D-4470 Meppen 
Federal Republic of Germany 


Abstract: 


The problem of blast produced at the muzzle of a 27 пп 
automatic gun and its reduction by means of different 
muzzle devices (blast deflectors) has been investigated 
experimentally. In these experiments different types of 
blast deflectors constructed from different designs have 
been investigated. 


In order to visualize the flows developing around the 
muzzle a Cranz-Schardin multi-spark camera has been used. 


To investigate the direct effect of a muzzle blast 
on the structures close to the muzzle, a momentum sensor 
has been developed which allows to measure the momentum 
exerted by the muzzle blast onto the structure. The 
device operates according to the principle cf integrating 
piezo-electrical force measuring. It also allows to meas- 
ure the muzzle blast in the immediate vicinity of the 
muzzle without damaging the sensors. 


*The author was unable to present this paper at the Symposium. 
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MEASUREMENT OF MUZZLE BLAST SHAPING AND 
LOADING EXERTEP UPON SURROUNDING STRUCTURES 
OF AIRCRAFT GUNS 


GERT PAULY, Dipl.-Ing 
ERPROBUNGSSTELLE 91 DER BUNDESWEHR; D-4470 MEPPEN 
FEDERAL REPUBLIC OF GERMANY 


1. INTRODUCTION 


When firing with guns onboard combat aircraft strong 
vibrations are produced in the aircraft structure with 
possible detrimental effects on the instruments in the 
aircraft. 


In order to protect the instruments against vibrations 
it is possible to insuiate them. In practice however, 
this т athod is limited as to its application, mainly due 
to cousiderable costs. 


A better way to do it is to reduce the muzzle blast 
itself by changing the gas pulse/momentum exerted on 
the aircraft skin in front of the muzzle in such a way 
that the vibrations induced into the stricture remain as 
small as possible. 
One solution is the use of a so-called blast deflektor. 
It is a ring-shaped device on the muzzle of an automatic 
gun which prevents the excaping propellent gases from 
expanding. Thus the effect of the muzzle blast on the 
surrounding structures is reduced. 


The purpose of the present study is to answer the 
following questions: 


- how big is the load of :he gas pressure exerted on 
structures in a lateral position of the muzzle? 


- what would a blast deflector look like which would جم‎ 
allow the reduction of the stress caused by the “- 
pressure? 
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2. MEASURING PROCEDURE 


Fig. 1 shows the test arrangement that has been used. 

А 27 mn-autcmatic gun is set up in a laboratory in such 
a way that photographs can be taken of the muzzle while 
firing. At the same time the pressure pulse exerted by 
the muzzle blast on the surrounding structure is meas- 
ured by means of a special measuring device. 

In order to examine the flow at the muzzle a Cranz- 
Schardin multi-spark camera is used which operates with 
point sparks as sources of light. The duration of the 
sparks sets the exposure time in the dark laboratorv. 
By using this camera the expansion of the propellent 
gases outside the muzzle car be shown by means of high 
resolution and high frame frequency photographs. 

The measurement of the loading exerted by the muzzle 
blast on the surrounding structure poses a particular 
problem. There are two ways of solving this problem. 


One is to use pressure sensors of the usual type for 
i» measuring the pressure of gas onto the structure. This 
allows results to be obtained of the pressure distribu- 
tion. What stands in the way of this approach is the 
fact that the sensors are very costly and can be easily 
destroyed due to the heavy mechanical and thermal effects 
which are produced close to muzzles. 


A more efficient way of determining the pressure 
pulse exerted on the structure is by supporting the 
surfaces under impact with force gauges. The gas pres- 
sure acts on a sensor surface which is composed of 
several metal sheets (Fig. 2) and w^.ch is on fixed top 
of the force sensors. As a resuit the sensitive meas- 
uring devices are protected from unwanted external 
effects caused by propellent gases. By this measuring 
procedure a low-frequency transfer of the muzzle blast 
is acnieved and the measuring arrangment forms a sprirg- 
mass-system with low natural frequency. The data to be 
evaluated is therefore not the force-time -flow Fit), 
but the integral 
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hence the momentum transfered via the force sensor. In 
order to determine the distribution of the momentum 
conveyed on the surface of the structure a measuring 
device is set up which reproduces the structure by using 
several such measuring elements (fig. 3). A total of 
fifteen surface elements is used over a length of one 
meter, 10 of which measure 50 x 100 sq.mm and 5 which 
measure 100 x 100 sq.mm. 

The measuring device which is called the momentum sensor 
in this context is set up in such a way that the muzzle 
of the gun is positioned 100 mm behind the edge of the 
first measuring element while the gun is at the run-out 
position. Hence the muzzle is at the beginning of the 
third measuring element. Only one force gauges (quartz- 
crystal) is used for each measuring element which is 
pre-stressed to measure the force in both directions. 
Fig. 3 shows a blast deflector attached to the muzzle 

of the gun (top left). 

In the trials shown here the distance between the sur- 


c m деш سخ تال کو کاک بے سے ا‎ = - i i 
face of the momentum sensor and the tube avis is 60 mm. 


The recoil distance of the gun is measured by a 
displacement gauge. Thereby the effect of the deflectors 
acting as a recoil buffer can be measured. 


3. MEASURING RESULTS 


The electrical measuring signals provided by the sensors 
are amplified and recorded on magnetic tape. After digi- 
tization the data reduction is performed by a computer. 
Hereby the registered force-time function is integrated 
for each surface element. 


The integral final values provided by the individual 
measuring elements are shown in a bar diagram, hence 
providing & picture of the local momentum stress on the 
Structure under impact (fig. 4, bottom). All calculated 
integral curves are then summed up and plotted, allowing 
the time factor of the momentum exerted on the structure 
to be examined (fig. 4, top). 


The integration is performed for a poriod of 25 msec 
after the ignition of the round. Because of dI/dt = F(t) یہ‎ 
the slope of the curve indicates the momentary load situa- Bo 
tion of the momentum sensor: the ascending curve corre- 
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sponds to a compressive force (increasing or constant 
rate) while the descending curve corresponds to a ten- 
sile force. A horizontal curve means that there is no 
effect of force at all. 


In the examples shown (figures 4 to 10) the tube end 
of the gun with the appropriate blast deflector is entered 
each time as a correct scale in the bar diagram to illus- 
trate the trials situation. 


Fig. 11 shows the Cranz-Schardin photograph (muzzle 
without deflector) corresponding to fig. 4. The time 
interval between the 24 pictures is 0.1 msec (= 10,000 
frames per sec.). 


Since all objectives of the camera are open when the 
projectile is fired, the light appearance of the muzzle 
flash is superimposed to all the frames. 


The following pattern applies to the sequence of 


pictures: 
6 12 16 24 
5 11 17 23 
4 10 16 22 
3 9 15 21 
2 8 14 20 
1 7 13 19 


Fig. 12 shows the discharge procedure with the blast 
deflector (is this case the momentum sensor is positioned 
lower than in the previous picture). The effect of the 
deflector on the flow is clearly discernible. While, as 
in fig. 11, the dark powder gases are for the most part 
escaping to the front and to the sides, the gases in 
fig. 12 are partly diverted to the back by the deflector 
ring. The load diagram corresponding to the trial of 
fig. 12 is shown in fig. 5. The top curve shows the 
ignition signal at 0.000 sec, at 0.004 sec the shell 
is ejected from the muzzle. Before the shell is ejected 
a momentum rise is caused by the precursor wave before 
projectile exit. At 0.004 sec the actual load to the 
structure due to the propellent gases escaping is 
beginning. 
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The bottom diagram in fig. 5 shows that the second 
measuring element located behind the muzzle is under the 
biggest load and is exposed to the greatest stress due 
to the gas deflection at the bafrle of the deflector. 
The first element which is situated right next to the 
previons element is exposed tc tensile force momentum. 
Behind the fourth element, i.e. 100 to 150 mm before 
the muzzle the force is considerably decreased. 


To compare the results of the trials without a de- 
flector (fig. 4): in this case the main load is distributed 
over the third and fourth measuring element. Withont 
a deflector only two elements are under heavy stress, 
with a deflector three elements. The deflector causes 
an extension of the zone under impact. 


Fig. 6 shows the results of several trials with a 
blast deflector which is fixed at different distances 
(a) in front of the muzzle. The change as to how the 
momentum is distributed on the individual elemerts be- 
comes clearly discernible. At a = 63 or 73 mm the deflector 
produces precisely the opposite effect as at a = 33 or 
43 mm. It is not a reduction of the local stress which 
is obtained but a local focussing of the compressive 
force. 


Fig. 7 shows a deflector having no effect as a muzzle 
brake. It mainly consists of a lono tube with several 
lateral slits. Here the momentum siress covers a larger 
area in front of the muzzle, and the individual measuring 
elements are not very much stressed. 


Fig. 8 shows a shortened deflector tube of the same 
type. Despite the reduced length the way the load is 
spread does nct change very much. 


Regarding the deflector type in fig. 9, the flow »f 
propellent gases escaping from the deflector mouth are 
influenced in such a way that close to the muzzle the 
pressure is reduced. 


Fig. 13 shows the flow with this deflector. The lat- 
eral expansion of gases takes place at a greater dis- 
tance in front of the muzzle than with the other de- CF 
flectors. This becomes particularly evident regarding 
the air flow before the ejection of the shell. 
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Fig. 10 depicts a deflector which only differs from 
the previous trial by its sligthly different insert 
ring. Despite this relatively small difference the gas 
flow is changed to such an extent that the pulse value 
increases by one third. 


4. CONCLUSION 


It bas been proved that measuring the muzzle blast of 
an automatic gun in immediate vicinity to the muzzle 

is possible without damaging the sensors. Performing 
the integration of the measuring signals one achieves 
an important value to evaluate the effect of the muzzle 
blast. 


The investigations have shown that the muzzle blast 
of an automatic gun can be clearly influenced by a 
blast deflector. Both an increase and a decrease of the 
muzzle blast are possible. In particular the pressure 
ue distribution can be influenced so that e.g. the con- 
(о, struction of the shroud-plate and its positioning can 
be adapted accordingly. 


The present measuring is limited by the fact that 
only single rounds were measured which axe fired like 
the ones from an aircraft on the ground (in resting 
position). Now that a suitable routine measuring pro- 
cedure is available it is planned to simulate the 
conditions of a round fired from a flying aircraft in 
future trials. 
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ABSTRACT: Various test-rigs are described which are being used 
to measure the recoil forces generated Бу the different 
vehicle mounted armaments being used in the British Army. 
Results are presented where they are available. 


Computer models are being developed to redict 
vehicle motions due to these firing forces. Some mechanisms 
have already been modelled. Others have yet to be included. 
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WEAFON RECOIL FORCES AND VEHICLE MOTIONS 


Dr MARTIN D THOMAS 
Royal Armament Research & Development Establishment (Chertsey) 
Chobham Lane, Chertsey, Surrey, кізе OEE 
United Kingdom of Great Britain & Northern Ireland 


1. INTRODUCTION 

Weapon platform stability governs both the accuracy 
of any weapon and its rate of fire. 1+ а доп muzzle moves 
from its point of aim before the projectile leaves the дип, 
the point of impact will be displaced. Also, recoil forces 
may cause the weapon platform to be displaced, зо that the 
next round cannot be fired until platform oscillations have 
decayed and the weapon has deen re-aimed. 


The Vehicles Department of the royal Armament 
Research and Development Establishment (RARDE(CH)) ais wholly 
or partly responsible for mounting weapon systems оп any 
tracked or wheeled vehicles used by the British Armed Forces. 
гага of ісе research effoerh іс therefore directed towards 
measuring or predicting the firing forces produced by these 
weapon systems, and developing techniques for predicting the 
resulting vehicle motions. 


This paper describes the various test rigs being 
developad апа the trials which have "ееп undertaken so far. 
it covers investigations into both main armament апа secondary 
актатепћ on Armoured Fighting Vehicles (AFVs). 


URDNANCE В. 120mm ТЕ GUN 61185 

Ihis tank gun is the current main armament on all 
Hritish Chieftain and Challenger Main Battle Tanks (MBTs). It 
fares snin-stabilised AFDS and HESH rounds as well as AFFSDS. 
lts total recoiling mass is nearly two tonnes. As with ali 
MBI guns, the recoil distance is severely limited, and this 
results in high trunnion loads. in this case, the gun recoil 
is 14 inches, and the peak trunnion load is 63 ТопҒ when 
firing the AFDS round. 


The recoil system consists of two hydrauiic buffers, 
together with an expansion/replenisher cylinder, to dissipate 
energy during recoil, and a hydro-pneumatic recuperator to 
bring the gun back to battery after recoil. The buffers are 
desianed to produce Uniform trunnion loads throughout recoil. 





Copyright تا‎ Controller HMSO London 1985 
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The energy is dissipated in the form of heat produced when 
hydraulic fluid is forced past the moving piston through slots 
machined on the inside of the cylinder. 


In the early stages of the design of ап MET, 
development of the suspension is to some extent governed by 
the recoil forces generated by the buffers. Since the gun 
mass ana impulse are known, it is possible to design а 
suitable recoil system, but if new rounds are being developed, 
evaluation is often delayed. As firing trials are expensive 
and as component failure can produce disproportionate damage, 
an hydraulic test-rig has been deveioped. 


ACCUMULATORS 


BUFFER UNOER TEST | 
| ون‎ 22 
е” 





YOKE STOP 


Figure 1 Schematic of Gun Кесо11 Test Rig 


The rig consists of an hydraulic ram which 
accelerates a one tonne mass (half the cecoiling mass) along a 
track. This mass impacts against a yoke which is connected to 
the butter under test. The buffer then brings the yoke and 
the mass to rest over the apprcoriate distance. Іп the event 
ot component failure, pins in the yoke shear, and the mass is 
brought to rest by a separate system. With this rig however, 
1t is possible to increase the impulse in controlled steps and 
so reduce the risk of such a failure. 


in this way it 15 possible to obtain early estimates 
of the real impulse being generated, so that due account can 
be taken at an early stage in the vehicle design. 

Figure 2 shows а typical Chiattain trunnion pull 
record derived from buffer pressure measurements. This buffer 
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design dates from the 1950s when experimental optimisation was 
too expensive and theoretical techniques were not sufficiently 
advanced. Consequently, although it was designed to produce a 
constant load, too little energy is dissipated during the 
recoll stroke and a pressure peak occurs where the slots taper 
down to nothing. This effect could be eliminated by tine 
tuning but, as the buffer works perfectly well, there is no 
case tor doing so. 


=. GUN. 76mm, GRMD.C. 





This is the gun fitted in the Scorpion fire support 
version ot the British air-portable Combat Vehicle 
heconnalissance (Tracked) ~ CVA (TOFS. The recoil system is 
Similar to that described for the 120mm gun except that a 
single buffer is used. The gun is allowed to recoil up to 
11 inches. 


" (мр! aan / COAL 
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Figure 2 Figure 3 
typical Trunnion Full Typical Trunnion Full 
Chiettain/Chal lenger Scorpion 
Figure 3 shows a typical trunnion pull record for 


Scorpion, which has been determined trom the buffer pressure- 
time records in the same way as was done for the 120mm L11AS 
qun. Here however, it would appear that slightly more energy 
could be dissipated during the middle part of the recoil 
stroke. Again, fine tuning cannot be justified as the butfer 
works pertectiy well as it is. 


Uf more importance in this case is the fact that the 
peak trunnion pull is 19.4 [onf оп a vehicle weighing 8 Tons. 
This pull is much higher than normal for a vehicle of this 
Size. AS а rule of thumb for conventional AFVs, if vehicle 
motions are not to be excessive, it is considered desirable 
that the ratio of the Trunmnion Full to the Vehicle Weight 
should not exceed 2.9. Thus the Scorpion can be considered to 
be on the upper limit for crew comtort. 
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In reality, it is the impulse which governs the a 
magnitude of vehicle motions. not the trunnion pull, but this : 
rule ot thumb has proved satisfactory since recoil distance is 
closely related to vehicle weight for conventional AFVs. If у 
ап unconventional vehicle design is adopted where, for example Se 
very long recoil is possible, the rule breaks down. The pull 
is reduced by making the force act for longer, but the total 
recoil time will still be small compared with the periodic 
time ot the vehicle on its suspension, so there will be little 
or no change in the resulting vehicle motions. 


GUM ELEVATION 36 deg Fu OVER FRONT 


Хал 


-Amar 
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Figure 4 Experimental Scorpion Hull Motion Measurements 


Aas the Scorpion is near the limit for crew comfort, 
11 15 being used as a test case for verification of computer 
models being developed to predict vehicle motions due to 
tiring forces. Vehicle motions have been measured from film 
records ot firing trials. These records are digitised and 
smoothed to remove measurement errors. A typical plot of 
vehicle тосјоп when firing over the front is shown: above. 


^. ORDNANCE ML Simm MORTAR | 1622 


In addition to its ground role, the Simm Mortar is 
also tired from the Hritish f 452 Armoured Personnel Carrier. 
Here, it is mounted оп a special bed-plate which is partly 
isolated from the vehicle floor by Bellville washer packs and 
a sponge rubber рад. 


ihe presence of this pad has made it impossible to 
make a realistic theoretical estimate of the magnitude of the 
forces being transmitted to the vehicle structure. A special = 
test-rig has theretore been developed to simulate the floor of 
the КУА at. The rig incorporates four three-axis lead cells 
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mounted one at each corner (Figure 5). The signal 
conditioning makes it possible to record the three force 
components and the three moments produced on firing. This 
test-rig is to be used in firing trials later this year. 





(o Figure & @imm Mortar Recoil Force Test Rig 


5. MACHINE GUN 76200 6 


This is the General Furpose Machine Gun mounted on 
most British AFVs and it is a version of the Belgian FN Туре 
MAG 7.62 Machine Gun. It is sometimes mounted co-axially, and 
sometimes pintle-mounted. In either case it may be used with 
or without buffering. 


а test-rig similar to that to be used for the Simm 
Mortar firings has been developed (Figure 6), except that the 
plane of the four load cells is now vertical. This has been 
used to measure the recoil forces with and without buffering. 
Figure 7 shows a comparison between the two force cycles 
measured when firing a clip of five rounds. Despite the high 
frequency ringing, it is clear that buffering produces a 
marked improvement. The large spike at the end of the Burst 
in Case 8 is caused by the gun running forward at the end of 
the burst, and impacting against its stops. This could easily 
be eliminated. 
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Figure 7 
GFMG Recoil Force Records A - No Buffer B -Sprung Buffer 
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GFMG Recoil Force & Impulse 
А - Force Integral В - Force Record 


Figure 8 shows one cycle in more detail, together 
with its integral. Integrating the Force-Time record makes it 
possible to identify the principal force components without 
being confused Бу the various rattles which occur. Тһе bolt 
runs forward, stripping a round from the clip (à. The gun 
tires (E) and the gas pressure throws the bolt back (С). The 
bolt travels back (D) until it impacts against its buffer (E), 
generating the main recoil impulse. The bolt then travels 
torward again (F?) until it strips off the next round (A) and 
the cycle repeats. 


6. LOMPUTER MODELLING OF VEHICLE MOT TONS 
Initially, it was hoped that it would be possible to 
= make use of Suspension models developed to predict vehicie 
ای‎ ride characteristics when driving cross-country. It was found 
however, that these models were inadequate as, in addition to 
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the vehicle pitch and bounce motions which might be expected, 
the vehicle moves backwards when the gun is fired, taking мр 
any track slack. The taut track then compresses the rear 
Suspension units as the vehicle moves further back. 


UM ELEVA ОН Ja dec HIG Ovt? FROM 











15 پیم مد IPE‏ 8 


VENTRAL UFU ACEMEN! FRONT nae. M ге 
матка CRSPLALEMEMT МАЙ Ха». У ca 
тсн АМА Xam + 5$ رس‎ 
MORIZOHTAL OFS АСИМА Xen Wo 





Figure 9 Theoretical Frediction of Scorpion Hull Motions 


AN output trom a three degree-of-treedom model which 
iuciudes simulation ot this effect, is shown in Figure 9. 
ihis compares quite well with the experimental results  snown 
та Pb igiue 4. 


The model is now being enhanced to include all Six 
deagrees-ot-treedom, аз 1t has been found that four were not 
enough to account tor the motions when tiring over the side, 
and the motions are even more complex when firing at some 
intermediate angle. Ihe lateral stiffness of the vehicle 
suspension is too low to prevent sideways motion relative to 
the yround, so this ettect is being modelled. 1% is also 
necessary to include vehicle yaw as the turret axis does not 
pass through the venicle centre ot gravity. 


^. мні. оніме FUTURE ARVs 
There is always а requirement to mount high 
performance weapons on smaller and smaller vehicles. In these 
circumstances, traditional rules of thumb can no longer be 
trusted, and new procedures must be developed to help the 
designer predict venicle pertormance at the concept stage. 


This paper has described the trials which are being 
conducted to measure the torces produced by various weapons, 
and the computer models which are being developed to make it 
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possible to predict tne effect which these forces wiil have on 
the stability of weapon platforms. 


There is still more work to be done in this area. 
in particular, it is still necessary to validate the computer 
models being developed. Clearly, a computer model developed 
to account for the motions of one vehicle, will have to be 
demonstrated on a second, before the vehicle designer couid be 
convinced of its merits. This paper is intended only to 
sl nnarise the work which nas been done to date. 
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the combined effect of axial and transverse loads. (The plus signis for 
fibers in which the direct stress and the bending stress are in the same 
direction, the minus sign for fibers in which they are in opposite diz ections. } 
If à column is comparatively stiff so that the bending moment due to the axial 
load is negligible, M may be set equal to the maximum moment due to trans- Ы 
verse loads М, alone. This may be done with an error of less than five ut 
percent if P < 0. 125 1/12 for cantilever beams, P < 0. 5 EI/L^ for beams 
with pinned ends, or P< 2Е1/1,2 for beams with fixed ends. 


If 0.125 EI/LÊ < P < 0.8 ЕШ for cantilever beams and 
0.5 EI/L < P < 3 EI/L? for beams with fixed ends, the value of M for 
Еа ation (1-43) may be given by > 


M, 
МЕ (1-44) 


(к РЕ.) 


for an error of less than five percont where К is given in Table 1-11 for 
various manners cf loading and end support. The plus sign is used in the 
denominator if P is a tensile load and the minus signis used if P is a com- 
pressive load. Equation (1-44) is appropriate only for beams in which the 
maximum bending moment and maximum deflecticn occur at the same section. 


TABLE 1-11 


Values of q for Equation (1-44) 











Manner of Loading and Support K is 
Cantilever, end load 1/3 

Cantilever, uniform load 1/4 

Pinned ends, center load 1/12 ix 
Pinned ends, uniform load 5/48 СЖ 
Equal and opposite end couples 1/8 

Fixed ends, center load 1/24 


1/32 (for end moments) 
1/16 (for cenie: moments) 


Fixed ends, uniform load 





1.4.2 Exact Method for Beams Under Combined Axial and Transverse 7 
Loads . Beam Columns ` 


Table 1-12 vives exact formulas for the bending moment, М, 
deflection, y, and end slope, 6, in beams which are subjected to 


* Griffel, William, Handbook of Formulas for Stress and Strain کے‎ 


1 ~ 59 














TABLE 1-12 


Formulas for Bearns Under Combined Axial and Transverse Loading 










Formulas 
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Combined Axial and Transverse Loading 
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TABLE 1.12 


Formulas for Beams Under Combined Axial and Transverse Loading (concluded) 
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combined axial and transverse loading. Although these formules should be 
used if P > 0.125 EI/L? for cantilever beams, P > 0.5 EI/L? for beams with 
pinned ends, or P > 2 EI/L^ for beams with fixed ends, they may be used for 
beams with smaller axial loads. In these formulas, U = L /P/ FI. The quan- 
tity تا‎ may be found rapidly through the use of the nomogram in Figure 1-40. 
The formulas for beams under a compressive axial ioad may be modified to 
hold for a tensile axial load by making the following substitutions: -P for P: 
U/ -T for U; /-T sinh U for sin U; and cosh تا‎ for cos U. This has been done 
for some of the more common loadings and the resulting formulas given in 
cases 13 to 18 of Table 1-12. 
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Figure 1-40. Nornogram for Determining U * 


ж Griffel, William, Handbook of Formulae for Stress and Strein 
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+30 tan 0. 41 | = 8200 in. lb. 


Sample Problem - Reams Under Combined Axial and Transverse 
Loads . Beam Columns 


Given: The beam column shown in Figure 1-41. 


30. 


2500 1b. 





~ 2 in. square aluminum bar 
Е = 10х 106 psi 
É «1:354, 4 


Figure 1-41. Cantilever Beam Under Combined Axial and 
Transversc Loads 


Find: The maximum bending moment, M, vertical deflection, 
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Solution: 
. 6 
0.125 =, = o. 125 40% 10°)(1. 33) _ 1,850 1b. 
L (30)2 


According to Section 1.4.2, the exact method must be used 
for cantilever beams if P < 0,125 EI/L^ as is true in this 
case. From Figure 1-40, 
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|: -- 
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(10x 109)(1. 33) 


From Table 1.12, Case 2, 
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4.3 


1. 











Max у = === [= (1 + gis UŽ - sec U) + L (ian 0-0) | 
PU U 2 
2 
= 220(30.0) (T.30. (1+ LAL ۔‎ sec 0.41 ) | 
2500(0. 40) ‘Lo. .1 2 
+ [30 (tan0.41 - 0.41] | = 2.92 in. 
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. 20 ' 30 . ۲ ер ےا‎ j| = 0.0095 rad 
2500 1.915 ТЕГІ sin 0.82 А 
= 0.55. 


1.5 Introduction to Beams in Torsion 


For purposes of discussion, beams in torsion are broken into two 
categories: circular beams, which are treated in Section 1.5.1, and non- 
circular beanis, which are treated in Section 1. 5.2. Circular beams are 
further divided into those with uniform cross sections (Section l. 5. 1. 1) 
and those with nonuniform cross sections (Section 1.5.1.2). Noncircular 
beam: are divided into open noncircular beams (Section 1.5.2. 1) and closed 
or hollow ones (Section 1.5.2.2), and the effect of end restraint on non- 


circular beams is treated in Section 1.5.2.3. 

Section 1. 5. 3 treats the membrane and sandheap analogies for beams : 
in torsion. Since the loading oí the wires of helical springs is primarily е 
torsional, they are listed under beams іп torsio: апа ireated in Section 1. 5. 4. 


1.5.1 Circular Beams in Torsion 


This section considers the torsion of solid ox concentricaily hollow 
circular beams. $ 


1.5.1.1 Uniform Circular Beams in Torsion 
Figure 1-42 shows a uniform circular beam in pure torsion. If 


the stresses in such a beam are in the elastic range, the stress distribution 
at a cross section is as shown in Figure l-43. 
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Figure 1-42. Uniform Circular Beam in Torsion 





Figure 1-43. Stress Distribution of Circular Beam in Torsion 


The shear stress at a distance r from the center is given by 





f, = 15 (1-45) 
1, 
The angle of twist of the beam is 
TL 
9 = (:-46) 
GI, 


Inserting the value of Ip for a circular cross section into Equations (1-45) ` 
and (1-46) gives 2 











In order to treat solid circular shafts, г, may be set equal to zero in 
Equations (1-47) and (1-48). 


It should be noted that Equations (1-47) and (1-48) apply only to 
bearns with circular cross sections. 


The maximum shear stress occurs at the outside surfaces of 
the beam and may be computed by setting г equal to r, in Equation (1-47). 
The maximum tensile and compressive stresses also occur at the outside 
surface and both are equal in rnagnitude to the maximum shear stress. 


If a circular beam is twisted beyond the yield point until the 
outer portions are at the ultimate torsional stress, a stress distribution 
such as that shown in Figure 1-44 is obtained. The maximum torque that 
such à beam may sustain in static loading is given by 


тыш M SR (1-49) 





where Ғ,, is designated as the torsional modulus of rupture. This torsional 
modulus of rupture is shown graphically for stecl beams in Figure 1-45. 
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Figure 1-44. Plastic Stress Distribution of Circular Beam in Torsion 
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Figure 1-45. Torsional Modulus of Rupture for Steel Beams 


In many cases, the torsional modulus of rupture of a material may 
not be available. ‘(hese may be treated by assuming the uniform shear stress 
distribution shown in Figure 1-46, 





Figure 1-46. Assumed Plastic Stress Distribution әр 
of Circular Beam іп Torsion 


The magnitude of the uniform shear stress may be assumed to be SR 
equal to the yield shear stress (F,,) for conservative results or the ultimate og 
shear stress (F,,) for nonconservative results. In the first case, the maxi- 
mum torque in the beam may be exoressed as 
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T => ---- (1-50) 


as 


)1-51( 73^ ہن 


It should be noted that the possibility of crippling in thin-walled 
tubes was not considered in the previous discussion. Crippling of circular 
tubes is treated in Chapter 8. This tubes shoula be checked for crippling. 


1.5.1.2 Nonuniform Circular Beams in Torsion 


When a circular beam of nonuniform cross section is twisted, the 
radii of a cross section become curved. Since the radii of a cross section 
were assumed to remain straight in the derivation of the equations for stress 
in uniform circular beams, these equations no longer hold if a beam is non- 
uniform. However, the stress at any section of a nonuniform circular beam 
is given with sufficient accuracy by the formulas for uniform bars if the 
diameter changes gradually. If the change in section is abrupt, аз at a 
shoulder with a sinali Шісі, а stiess concentration must be applied as ex- 


plained in Chapter 10. 


Figure 1-47 shows a nonuniform circular beam in torsion. و‎ 


Figure 1-47. Nonuniform Circular Beam in Torsion 


If its diameter changes gradually, its angle of twist is 


Е 





= 1 dx 
0= 


I, 


о 


This equation is used to obtain the formulas for 0 for various beams of uni- 
form taper that are shown іп Table 1-13. 


^0 
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